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PREFACE. 



The design of this book is to form a bridge between 
the many works written on the theory of electricity and 
the many works written on its practical applications. 
It has been my experience that practical men and stu- 
dents have found great difficulty in seeing the relation 
between the theory of electricity and its practical appli- 
cations, because they have had to study the theory from 
books devoted wholly to abstruse theory, and the prac- 
tical applications from books devoted wholly to the 
practical applications. I have, moreover, been often told 
by practical men that a book showing the principles 
upon which practice depends, and explaining the theory 
4>f the practical applicationSy would be a help to many. 
This want I have tried to meet. May be my endeavor 
will at least serve to stimulate abler hands to labor in 
what seems to me a very useful field. 

I owe much to the leading electrical journals: the 
New York Electrician^ Electrical RevieWy and Electrical 
World, the London Electrical Review and Electrician, and 
La Lumitre Alectrique, as well as to the admirable writ- 
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4 PREFACE. 

ings of Professors Thompson, Ayrton, and Perry, Messrs- 
Gumming, Prescott, and many others. I am indebted 
also to Messrs. Edison and Weston and the Electrical 
World for valuable cuts, and to Mr. S. D. Mott for 
kind assistance in preparing the illustrations. 

Bureau of Ordnance, Navy Department, 
Washington, D. C, Oct. 2, 18S3. 



NOTE. 

It will be observed that the percentages, 85 per cent, and 80 
per cent., given in the sixteenth and eighteenth chapters, do not 
indicate the real efficiency of a motor, but merely the ratio of the 
mechanical power given out to C'E'. The real efficiency is, of 
course, the ratio of th^ mechanical power given out to C multi-^ 
plied by the difference of potential between the brushes. 
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CHAPTER 1. 

MAGNETISM. 

It is through the medium of magnetism that the prin- 
■cipal applications of electricity are made in the arts ; but 
magnetism may exist unaccompanied by any electrical 
manifestations. 

The Lodestone. — The simplest form of magnet is 
the lodestone, or natural 
magnet, which is an ore of 
iron of the chemical for- 
mula Fe804. It is found in 
considerable quantities in 
many parts of the world, 
though not in quantities suffi- 
•ciently great to render the ^*^' ^ 

lodestone of much practical use, were it not for its power 
-of imparting its magnetism to steel (Fig. i). 

Artificial Magnets,— If a lodestone be rubbed upon 
^ piece of steel the latter will be found to have acquired 
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Fig. 2. 



the peculiar properties of the former, as evidenced by its 

power of attracting iron, steel, 
.?. nickel, cobalt, etc. It will also 
be found capable of impartingf^ 
the same magnetic properties to 
other pieces of steel. 

Poles of Magrnets.— If a. 
lodestone, or a piece of magnet- 
ized steel, be suspended so as ta 
be free to turn (Fig. 2), it will 
point nearly north and south; 
and if it be dipped into iron-fiU 
ings it will be noticed that these 
accumulate about each end (Fig. 3), showing that the 
magnetism is not distributed uniformly over a magnet, 
but is stronger at the two extremities. These two ex- 
tremities are called the po/es. 

North and South Seeking Poles. — To investigate 
the action of the poles it is convenient to make a light 
needle of steel, rub it upon a lodestone or natural magnet 
to give it magnetic properties, and then mount it upon a. 
vertical pivot, so 
that it can freely 
turn. The needle 
will now point 
nearly north and 
south. That point- 
ing north is called the north pole, and that pointing south 
is called the south pole; though it is more accurate, as. 
will be presently pointed out, to describe them as north 
and south seeking poles respectively. 

Magrnetic Attraction and Repulsion (Fig. 4V 
— If we now take a similar needle, and bring up its north 
pole towards the north pole of our pivoted needle, the 
latter will be instantly repelled ; while if we bring up a. 
south pole it will be attracted. Or if we bring up a. 
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south pole to the south pole of the needle, the latter will 

be repelled; while if we 

bring up a north pole it 

will be attracted. Thus 

we see that like poles repel 

each other, and unlike 

poles attract each other. 

The Earth a Large 
Magrnet. — The fact that 
each pole of a magnet is 
attracted towards one pole 
of the earth and repelled 
from the other has led to 
the hypothesis that the 
earth is itself a large mag- 
net, of which one pole is 
near the geographical north pole, while the other is near 
the geographical south pole. As the north magnetic pole 
of the earth attracts the so-called north pole of the mag- 
netic needle, it is clear that they must be unlike poles. 
Therefore, as has been said above, it is more strictly 
accurate, though not customary, to speak of the north 
and south seeking poles of a magnet. 

Magnetic Substance. — A magnetic substance is 
one capable of being magnetized. The principal magnetic 
substances are iron, steel, nickel, cobalt, chromium, cerium, 
and manganese. A distinction between magnets and mag- 
netic substances will be found in the fact that a magnetic 
substance will attract either pole of a magnet, no matter 
what part of the. substance we present, while a magnet 
will attract only at its pole, and will attract only the 
unlike pole of a magnet. 

Methods of Imparting Magnetism.— Magnetic 
substances may be magnetized in a variety of ways. If we 
simply rub them from end to end upon a magnet or lode- 
stone, the point which last touched the magnet will be a 




12 ELECTRICITY IN THEORY AND PRACTICE. 

pole, and will be of the name opposite to that of the pole 
last touched. A convenient way to magnetize two pieces 
of steel at once is to hold them down upon the mid- 
dle line of a magnet, and draw them apart towards the 

opposite poles of 
B a' the magnet (Fig. 5). 

Another way of im- 
parting magnetism 
is by utilizing the 
magnetism of the 
Fig- 5. earth. This can be 

done by holding a 
steel rod in the magnetic meridian and subjecting it to 
vibrations by striking it or using other similar means, or 
by subjecting it to torsion while in that position. Still 
another way is to place hot bars of steel lengthwise be- 
tween the poles of powerful magnets and allow them to 
slowly cool. 
V Point of Saturation.— In no way can a piece of 

steel or any other magnetic substance be magnetized be- 
yond a certain point. This point is termed the " point of 
saturation," and varies with different substances. Soft 
iron has a much higher point of saturation than steel, 
though it retains its magnetism only during the continu- 
ance of the magnetizing force. 

Coercive Force.— The ability of a substance to re- 
tain magnetism is called its "coercive force." A sub- 
stance with a great coercive force resists the escape of 
magnetism, but it also resists magnetization ; while a sub- 
stance with a small coercive force, like so(t iron, is easily 
magnetized and as easily demagnetized. 
n(^ Electro-Magnets. — The usual way of magnetizing 
soft iron is to pass currents of electricity around it (Fig. 
6). A magnet thus made, called a temporary or electro- 
magnet, exhibits all the properties of permanent or steel 
magnets while the current is passing, but becomes inert 
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instantly when the current ceases. A bar of steel may 
be magnetized by the same means ; but, 
by reason of its high coercive force, it will 
retain most of the magnetism produced, and 
become a permanent magnet, 
X Magnetic Induction. — An easy way 
of producing magnetism in a piece of iron 
is to place it in proximity with a magnet- 
pole (Fig, 7). If we do this we shall find 
that the piece of iron becomes a magnet, '^ 

and that the end near the magnetizing pole has the oppo- 
site polarity, while the farther end has the same polarity. 
Magnetism imparted in this way is said to be induced, and 



it can be so imparted to magnetic substances only : to 
some more than to others; Those magnetic substances 
capable of being magnetized to a high degree are said 
to have a high " coefficient of magnetization." 

The phenomenon of induction explains the attraction 
of a magnet-pole upon soft iron. It first induces in the 
iron two poles, an unlike pole at the near end and a like 
pole at the farther end. For the unlike pole it exerts an 
attraction, and for the like pole a repulsion, and, the for- 
mer being the nearer, the force of attraction overcomes 
the force of repulsion. 

Strength of a Miignet-Pole.— By this expression 
is meant the power of a pole upon a magnetic substance. 
It is not the same as its lifting power, because this de- 
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pends upon the shape of the magnet and a variety of 
external conditions. The usual way of measuring the 
strength of a magnet-pole is to measure its repelling 
power upon a similar and equal pole, expressed in terms 
of unit magnetic strength. A pole of unit strength, or a 
unit magnet-pole, is one which, if placed at unit distance 
\ ^one centim etre) from a similar and equal pole, will re- 

pel it with unit force (one dyne). A dyne is about ^j 
gramme. 

Measurement of Magnetic Force. — This is usu- 
ally accomplished by the torsion-balance (Fig, 8). In 
this instrument 
a small bar-mag- 
net is hung with- 
out torsion by a 
fine, thread in- 
side of a cylin- 
drical glass jar, 
around whose 
circumference a 
graduated scale 
is marked. The 
top is covered 
by a circular cap 
(c), which can be 
I revolved, the 
' number of de- 
grees through 
which it is re- 
Fig. 8. volved being 
shown by a sec- 
ond graduated scale. From the centre of this circular 
cap hangs the thread which holds the magnetic bar or 
needle. The needle being placed in the meridian, an ex- 
periment is first made to see how much twist or torsion of 
the wire is needed to deflect the magnet one degree from 
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the meridian ; this being ascertained, the circular cap is 
tamed back until the magnet again lies in the meridian. 
A magnet-pole is now introduced throivgh a hole in the 
top of the jar, and placed near the like pole of the sus- 
pended magnet. The latter will be, of course, repelled 
through a certain number of degrees, as shown by the 
scale on the side of the jar. This number of degrees mul- 
tiplied by the number of degrees of torsion of the thread 
which we found were needed to deflect it through one 
degree, is equal to the torsion which would be required 
to produce the same deflection. If now we revolve the 
cap backwards until we halve the deflection of the needle, 
we shall find that the amount of torsion which we thus 
subject the wire to will be four times the amount of tor- 
sion we have just computed ; or if we reduce the deflec- 
tion to one-third, we shall find that a torsion of nine 
times that amount is necessary. But as in twisting any 
wire or thread the angle of torsion is proportional to the 
force of torsion, we see that the repulsive force at a dis- 
tance of one-half is four times as great as that at a dis- 
tance of one, and that the repulsive force at a distance of 
one-third is nine times as great. In other words, the re- 1 ' v 
pulsive force of a magnet is inversely as the square of the 
distance. 

Method of Oscillations. — Another method of mea- 
suring magnetic force is the method of oscillations. A 
magnet set to oscillating, when undfer the influence of a 
magnetic force, acts like a pendulum when oscillating un- 
der the influence of the force of gravity ; so that the 
sqnare of the number of oscillations performed in a given 
time by a magnetic needle is proportional to the magnetic 
forpe. In this way we can compare the strength of the 
carth^s magnetism in two places by comparing the num- 
ber of oscillations per minute of the same magnet in each 
of the two places. This method is sometimes used also 
in comparing the relative strength of two magnetic poles, 
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by setting a little magnet to oscillating under the influence 
o( one and then of the other, being careful, of course, to 
keep it at the same distance in both cases. We can also 
use this method to get the comparative strength of dif- 
ferent parts of the same magnet, by setting a magnetic 
needle to oscillating opposite those different parts; the 
square of the number of oscillations executed in a given 
time opposite to those parts being proportional , to the 
strength at those parts. 

Broken Magnets.— If a magnet be broken into any 
number of parts, each part will be a complete magnet 



in itself, having a pole at each end (Fig. 9). If, however, 
these parts be joined together again, like poles will come 
opposite each other and neutralize each other, so that we 
will have but one complete magnet as before. 

Lines of Force.— The study of the action of mag- 
netic poles can be greatly facihtated by assuming that 



magnetic force acts in straight lines radiating from each 
pole. That this is not a baseless assumption may be 
easily proved by sifting upon a sheet of glass a number 



of very fine iron-filings, and placing directly beneath one 
or more magnet-poles. On now lightly tapping the glass 
to overcome the inertia of the filings they will be seen to 
set themselves 
along definite 
lines, which vary 
with the number 
and kinds of poles 
beneath. If but 
one pole is used 
the filings will 
radiate in all 
directions from a 
point immediate- 
ly above this 
magnet-pole (Fig. 
id). If two like 
poles are used 
they will form in 
two different sys- 
tems, the lines of ri[. ». 
each system radi- 
ating from a point above one of the poles, and seeming to 
be repelled from the lines of the other system (Fig. 1 1). 
If, on the other hand, two unlike poles are used, the lines 
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of each system will seem to be attracted by the other 
system, and show a tendency to run together; so that 
while in the ftrst case ine lines were bent into curves 
bending away from the opposite pole, these are bent into 
curves which bend towards the opposite pole. This will 
be the case whether the two dissimilar poles belong to the 
same magnet or to different magnets. It we place be- 
neath the glass a single bar-magnet, so that it lies par- 
allel to the glass, the lines will curve over from one pole 
to the other (Fig. 12), In case this bar-magnet has a 
number of "consequent poles"— that is, extra poles pro- 
duced along its length, either by touching it with a 



magnet at different points, or, in the case of an electro- 
magnet, produced by the method of winding the coils 
of wire — the fihngs will be attracted by these consequent 
poles, and will form in lines like those shown in Fig. 13, 
Magnetic Field. — We thus see that the air sur- 
rounding the pole of every magnet is traversed by mag- 
netic forces which act in straight lines,* and that these lines 
extend to a considerable distance. The vicinity of a mag- 
net traversed by these lines of force is called a " magnetic 
field " ; and when a body is placed under the influence of 
a magnet-pole we say that it lies in a magnetic field due 
to that magnel-pole. The magnetic field at any point is 
strong or weak according to the strength and distance of 
the magnet-pole. 
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ComparatiTe Strength of Magnetic Attrac- 
tion and Repulsion. — Magnetic repulsion is not so 

etrong in practice as magnetic attraction, for the reason 
that, when two similar poles are brought near each other. 
each endeavors to develop in the other a pole dissimilar 
to itself. For this dissimilar pole it will exert a certain at- 
traction, which must be subtracted from its repelling force. 
In case one very strong magnet-pole is brought very 
near to a similar very weak one, its inductive effect may 
be so great that it will overwhelm the original magnetism 
of the weak pole, induce a contrary polarity, and conse- 
quently attract it. In the case of two dissimilar poles, 
however, the mutual inductive effect increases the origi- 
nal attraction. The harder the steel the less does the dis- 
turbing influence of induction affect the attraction and re- 
pulsion of the magnets. In order, however, to apply the 
law of inveiue squares without error, the distance must be 
to great thaV there is no danger of induction. 

The CoiyLpass (Fig. 14). — This consists of a magnetic 
aeedle caiefully 
mounted and pivot- 
ed, which, in obedi- 
ence to the attract- 
ing and repelling 
force of the earth's 
magnetic poles, sets 
itself along the line 
joining them. As 
these magnetic poles 
are not exactly at 
the geographical 
north and south 
poles, the magnetic 
meridian in which 

the needle lies does not evravUly coincide with the geogra- 
phical meridian. The angle wtvicb vhe magnetic meridian 



20 ELECTRICITY IN THEORY AND PRACTICE. 

at any place makes with the geographical, or true, meri- 
dian is the " variation of the compass " at that place. As 
usually constructed the compass-needle is attached to a 
card which is supported upon a vertical pivot in a basin 
filled with alcohol and hermetically sealed, the basin 
being supported upon gimbals to allow of free motion 
in every direction. 

Dip. — If the needle is supported upon a horizontal 
pivot which lies in a frame that can be revolved about a 
vertical axis, it will assume a position inclined to the hori- 
zontal (Fig. 15). When the 
frame is revolved so as to 
bring the needle into the 
magnetic meridian, the 
angle which the needle as- 
sumes is at its minimum, 
and is called the "dip," or 
" inchnation." The cause 
of this inclination will be- 
come evident if we remem- 
ber that the direction in 
which the poles of the earlh 
lie is not parallel to the sur- 
face at any point, and that 
the angle which the needle 
makes with the horizon 
shows the direction in which 
I he nearest magnetic pole lies. The angle of dip is evi- 
dently at its minimum at the magnetic equator, which is 
approximately the geographical equator: so that we can 
say in general terms that the inclination increases with 
the latitude. 
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The simplest way of producing an electrical condition 
in a body is to rub it with a dissimilar substance. Any 
two substances when rub- 
bed together exhibit evi- 
dences of electrification ; but 
those exhibiting them in the 
most marked degree are 
fur, wool, ivory, glass, silk, 
metals, sulphur, india-rub- 
ber, gutta-percha, resinous 
substances, wax, and amber. 

Electrical Attraction 
and Repulsion (Fig. i6). 
— If we rub a glass rod 
with a piece of fur, and hold 
it out near a little pith-ball ^ 
which hangs by a silk 
thread, the latter will be in- .   

stantly attracted. If, however, the pith-ball be allowed to 
touch the glass rod, it will cling to it for an instant, and 
then dart away. 

If we hang a piece of glass which has been rubbed 
with silk by a silk thread, and bring up near it a glass rod 
which has also been rubbed with silk, repulsion will in- 
stantly ensue ; while if we bring up a piece of sealing-wax 
which has been rubbed with fur attraction will ensue. 
But if we suspend a piece of sealing-wax which has been 
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rubbed with fur, and bring up near it another piece of 

sealing-wax which has also 
been rubbed with fur, the 
suspended wax will be re- 
pelled. If, also, two pith- 
balls are both touched by 
the same electrified sub- 
stance they will repel each 
other (Fig. 1 7). 

Negative aii4 Posi- 
tive Electricity. — The 
^*^' *^' study of these phenomena 

leads us to the conclusion that there are two different 
kinds of electrification ; while the fact that similar bodies 
which have been rubbed with the same substances repel 
each other leads us also to the conclusion that the repul- 
sion is due to the fact that they are similarly electrified. 
Although we have no evidence that such a thing as 
electricity absolutely exists, yet it is customary to adopt 
the hypothesis that this peculiar state in any body is due 
to the presence therein of electricity ; and as we have 
seen that this electricity manifests itself in two opposite 
ways, the hypothesis is adopted that there are two kinds 
of electricity. To that kind of electricity produced on 
glass by rubbing it with silk the term positive is applied, 
and to that kind produced on resin by rubbing it with fur 
the term negative is applied. From the experiments con- 
ducted above we infer that like electricities repel each other^ 
and that unlike electricities attract each other. 

Both Positive and Negative Electricity Pro- 
duced at the same Time. — If we hang a piece of 
glass by a silk thread, and rub it with a p^ece of fur 
mounted upon a glass rod, the glass and fur will be found 
to be oppositely electrified and to attract each other. If, 
also, after rubbing a glass rod with a piece of silk, we 
touch it to a light pith-ball, so as to communicate a por- 
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tlou of the electricity to the pith-ball, and if we then bring 
up the piece of silk, the pith-ball will be at once attracted 
by it. Thus we see that when two dissimilar bodies are 
rubbed together one assumes one kind of electrification, 
the other the other. In the following list the arrange- 
ment is such that, if we rub any two of them together, the 
one which stands the nearer to the head of the list will 
be positively electrified, the latter negatively : cat's skin,. 
wool, ivory, glass, cotton, silk, wood, metals, caoutchouc, 
sealing-wax, resin, leather coated with amalgam. If two 
similar substances of different textures, degrees of polish 
or temperature, be rubbed together, one will be positively 
electrified, the other negatively. Generally speaking, that 
body whose particles are the more readily disengaged 
will be negatively electrified. 

Charge. — Not only may bodies be charged with dif- 
ferent kinds of electricity ; they may be charged to dif- 
ferent degrees and with different amounts of electricity. 
In case a body is charged with a large amount of elec- 
tricity it is said to have a large " charge " ; while if it is. 
charged with a small amount it is said to have a small 
" charge." When the charge is removed the body is said 
to be " discharged." 

Conductors and Insulators. — If we rub some 
bodies, such as the metals, and hold them in the hand 
while so doing, we shall not be able to discover any mani- 
festation of an electrical state. 

But if we mount the body r^— — i ^- 

upon a glass rod (Fig. i8), and pj ^g 

hold this glass rod in the hand, 

the body will then, after being rubbed, exhibit all the evi- 
dences of electrification. The reason is that some bodies, 
notably metals, allow electricity to pass through them 
with such ease that, in the case above mentioned, the elec- 
tricity passed off into the hand, and thence into the 
ground, as fast as it was produced. Glass, however, op- 
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poses very great resistance to the passage of electricity ; 
so that when we rub a piece of metal mounted on glass 
most of the electricity produced on it is confined. It was 
for this reason that, when we desired to obtain evidence 
that electricity is produced in the body rubbing as well as 
in that rubbed, we mounted upon a glass rod the fur with 
which we were to rub the other glass rod. Those sub- 
stances which allow electricity to flow freely through 
them are called " conductors," while those which resist 
strongly the passage of electricity are called " non-con- 
ductors" or "insulators." In the following hst the sub- 
stances named are arranged in the order of their conduct- 
ing power; no substance, however, is so perfect a con- 
ductor that it does not resist to some extent the passage 
of electricity, and no substance is so perfect an insulator 
that it will not allow some electricity to leak through it: 
silver, copper, other metals, charcoal, graphite, water, the 
body, linen, cotton, dry paper, porcelain, resin, gutta-per- 
cha, amber, shellac, paraffine, glass, dry air. 

Quantitative I>aws uf Attraction and Repul- 
sion. — I. The repulsion or at- 
traction between two electrified 
bodies is inversely as the square 
of the distance between them. 

2. The dis tance remaining the 
same, the force of attraction or 
repulsion between two electrified 
bodies is directly as the product 
of the quantities of electricity 
with which they are charged. 

The experimental proof of 
these laws is easily shown by the 
p. torsion-balance. The arrange- 

ment is much the same as when 
used to determine the laws of magnetic attraction and 
repulsion. A fine shellac thread with a gilt ball at its 
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end replaces the magnetic needle, however, and a glass 
rod with a gilded pith-ball at its lower end replaces the 
magnet whose force was to be measured (Fig. 19). The 
cap at the top is turned to zero, and the tube is revolved 
until the pith-ball also points to zero on the graduated 
scale on the side. The knob m is now removed, electri- 
fied, and introduced into the jar. When it reaches its 
seat it touches n, communicates to it some of its charge, 
and therefore repels it through a certain number of de- 
grees. In order to reduce the deflection to one-half of its 
present value the cap is revolved backwards ; and it will 
be found that when the deflection has been halved the 
torsion in the wire will be four times as great as it was 
before ; if the deflection be reduced to one-third the 
torsion will be nine times as great. The angle of torsion 
being proportional to the force of torsion, the experiment 
proves that the repulsive force varies inversely as the 
square of the distance. 

To prove the law of attraction the method of proce- 
dure is the same, except that the two balls are oppositely 
charged, and that they are prevented from moving to- 
gether by the torsion of the wire. It is found that four 
times as much torsion in the wire is needed to overcome 
the mutual attraction when they are one centimetre apart 
-as when they are two centimetres apart. 

To prove the second law let any charge be imparted 
to m. On touching n some of its charge wiJl be commu- 
jiicated, and a certain repulsion will ensue. Now let m 
be touched with a similar and equal ball, so that it will 
lose half its charge ; then the distance of repulsion will 
instantly be reduced to one-half. 

Unit of Electricity. — A unit of electricity is that , 

quantity which, when placed at a distance of one centi- X / 
metre from a similar and equal quantity, repels it with a 
iorce of one dyne. 

Electric Induction. — If we bring a positively-eleo 
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Fig. 20. 



trifled glass rod near an oblong piece of metal mount- 
ed upon a glass stand- 
ard (Fig. 20), we shall 
find that the metal is. 
electrified, though it 
has not been touched. 
Pith-balls mounted at 
the ends will stand out 
with the force of elec- 
trical repulsion, but a 
pith-ball placed mid- 
way between will ex- 
hibit no such signs of 
electrification. A fur- 
ther examination will 
show that the pith-balls- 
are oppositely electrified, and that the one near the glass 
rod is negatively electrified, while the one at the farther 
end is positively electrified. If we now remove the glass, 
rod both pith-balls will drop and all signs of electrifica- 
tion will vanish from the conductor, the two opposite elec- 
tricities recombining. Electricity thus generated Is saia 
to be " induced ** ; electricity of the opposite name beings 
induced upon the adjacent side of a conductor, and elec- 
tricity of the same name being repelled to the farther 
end. 

If the conductor is made in two halves which can be 
separated, and then, while the inducing body is present,, 
they are drawn asunder, the electricity residing on each 
will remain upon it, even if the inducing body be now re- 
moved. But if, after its removal, the two halves be again 
joined, the two electricities will recombine. 

If the farther end of the conductor be connected by a. 
conducting medium with the earth, only that end near the 
inducing body will show signs of electrification, for the 
reason that the electricity which was repelled to the other 
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end has passed into the earth. The electricity induced 
upon the near end is held, or " bound," by the inducing 
charge. If now the connection with the earth be broken, 
and the inducing charge removed, the induced electricity, 
being free to move, will distribute itself over the whole 
surface of the conductor, which will, therefore, be electri- 
fied throughout with electricity of the opposite kind from 
that on the inducing body. 

As in the case of communicating a charge by touch, 
the charge induced varies not only in kind but in degree ; 
for a highly electrified body will induce a greater amount 
of electricity than one feebly electrified. If the two insu- 
lated bodies come nearer and nearer together the induced 
charge at each end will become greater and greater, and 
the mutual attraction which the adjacent charges exert on 
each other in their effort to recombine will produce a 
stress upon the intervening air. Finally a point will be 
reached at which the mutual attraction will overcome the 
resistance of the air, and the opposite electricities recom- 
bine with a spark and a sharp detonation, leaving upon the 
insulated conductor a permanent charge of the same name 
as that of the inducing body. 

Cause of Attraction. — The phenomenon of indue- 
tion explains the cause of electrical attraction. In the case 
of a positive charge approaching a pith-ball, it induces on 
the near side of the ball a negative charge, and on the dis- 
tant side a positive one. For the former it has an attrac- 
tion, for the latter a repulsion ; but as the former is the 
nearer, the attracting force overcomes the repelling force 
(Fig. 2i). As soon as the pith-ball 
touches the positively-charged 
body, however, its feeble charge 
of negative electricity recombines 




# 



with a similar amount of positive ^i^ ^^.M^'Mv^im 



electricity, leaving the pith-ball Fig. 21. 

positively charged, so that it is instantly repelled again. 
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Inductive Capacity. — The effect of induction is 
modified by the nature of the medium across which it 
acts. If paraffine, oil, or solid sulphur be this medium 
the inductive action will be much stronger than if it be 
air. The power of any substance to allow inductive ac- 
tion to take place across it is called its inductive capa- 
city. The substance across which the inductive action 
acts is called a " dielectric." 
Electricity resides upon the Surface.— A pe- 
culiar property of electricity 
is that it resides only upon 
the surface of bodies. This 
can be easily shown by 
charging a hollow metal 
ball mounted upon a glass 
standard. If we touch to the 
outside of this ball (Fig. 22) 
a gilt disc mounted upon a 
glass rod (called a "proof- 
plane '*), and if we then bring 
this proof-plane near a pith- 
ball, attraction will instantly 
ensue. But if we put the 
proof-plane inside of the 
metal ball, and even touch its 
interior surface, it will acquire no electrical charge 
whatever. 

Electric Density. — Another peculiarity of electricity 
is its tendency to accumulate upon points and edges. The 
way in which electricity distributes itself over bodies of 
peculiar shapes may be seen from Fig. 23, in which the 
dotted lines indicate, by their distance from the surface 
of the body, the amount of electricity at different points. 
The ** electric density ** at a point is the number of units 
of electricity per unit of area, the distribution being sup- 
posed to be uniform over that area. 




Fig. 93. 
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Leyden Jars, or Condensers. — The Leyden jar 
is an important application of the principle of induction. 
We have found that a body charged with positive electri- 
city will induce a negative charge upon the adjacent side 
of a body near at hand, and that the degree of inductive 
effect depends upon the nature of the intervening medi- 
um, or dielectric. Suppose now that we take a sheet of 
glass, and paste upon opposite sides two pieces of tinfoil 
that do not extend to the edges of the glass. On now 
connecting one piece of foil with a positively-charged 
body, and connecting the other piece with the earth, the 
plus electricity conducted to the former piece will induce 





Fig. 23. 

negative electricity upon the latter piece, and repel posi- 
tive electricity into the ground. The induced negative 
charge will induce a certain amount of positive electricity 
upon the positive piece, thus calling for a greater supply 
from the source of electricity. The positive charge being 
now increased, a greater negative charge will be induced 
on the negative sheet of foil. The thinner the glass the 
more readily can the inductive action go on, and the 
larger the pieces of foil the greater charge can they 
receive and induce. The glass then, by its inductive ca- 
pacity, allows the pieces of foil to accumulate or condense 
a much greater quantity of electricity than they could 
of themselves take up. If we now remove the connec- 
tions from the negative foil to the earth, and from the 
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positive foil to the source of electricity, both charges will 
be " bound " upon the sheets of foil. 

In the Leyden jar (Fig, 24) the glass is made in the 
form of a jar, and the two sheets of foil form outside and 
inside coatings. A brass knob is fitted in the 
top, which is made of wood or other suitable 
material, and it communicates with the interior 
lining of foil by means of a metal chain. The 
outer coating is connected to the earth by stand- 
ing the jar upon a table or other convenient 
support. If now the brass knob be connected 
with an electrical machine, or other source of 
electricity, the two sheets of foil react upon 
'* " each other in the manner described above ; 
so that when we finally break connection with the ma- 
chine our jar will be found to have accumulated a con- 
siderable amount of electricity. If the jar be dry, free 
from dust, and of good glass, it will retain its charge 
many hours; but if a conducting path be furnished, 
whereby the two charges can recombine, they will do so 
instantaneously. The usual device for 
discharging a Lej^den jar is a pair of "dis- 
charging- tongs," such as shown in Fig. 
25. The arms themselves are metallic, 
but the handle is made of glass, in order 
that the charge may not flow through 
them into the body of the operator. If 
now we touch the outside coating with 
one arm, and the knob with the other, a 
sharp detonation and a spark will an- 
nounce the recombination of the two 
charges. Or if we grasp the outside coating with one 
hand, and touch the knob with the other, the body will 
take the place of the discharging-tongs, a spark will pass 
between the hand and the knob, and a shock will be felt 
over the body. 
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Electrical Machines. — These are mechanical de- 
vices for generating larger quantities of electricity than 
can be obtained by the means thus far described, of rub- 
bing glass rods, etc. Numerous machines have been 
devised for rubbing together by convenient means large 
surfaces of suitable substances, the amount of charge 
evoked depending upon the extent of surfaces rubbed, the 
amount of friction, and the distance * from each other of 
the surfaces rubbed together, in the scale of electrification 
given above, the greatest effect being produced by the 
friction of those substances farthest apart in the list. 

The Plate Electrical Machine. — As will be seen 
from Fig. 26, this consists of a circular plate of glass, 
capable of being revolved by a handle, between two pairs 
of rubbers, F. These rubbers are made of leather cov- 
ered with an amalgam of zinc and tin, so that the friction 
produced by revolving the plate between them produces 
upon the glass a strong positive charge (see list). Now 
around the plate is bent a metallic conductor, mounted 
upon insulated supports, and furnished with sharp spikes 
which project towards the glass plate, but do not touch 
it. When, in the course of its revolution, the glass plate 
brings its positive charge opposite to these points, a nega- 
tive charge is induced upon them of such high tension 
and density that they cannot retain it, so that it recom- 
bines with the positive charge on the glass. This has 
two effects : first, the positive charge on the plate oppo- 
site the points is neutralized, so that the plate is taken 
around to the rubbers in a passive condition and ready 
to receive a new charge ; second, the negative charge 
induced upon the metallic conductor being withdrawn, 
a charge of positive electricity is left upon it. By con- 
tinuously revolving the plate this positive charge is in- 
creased, so that ultimately a large amount is accumulated. 
The conductor is usually termed the " prime conductor " 
of the machine. In order to prevent the electricity upon 
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the plate from escaping into the air, flaps of silk are 
placed over it between the rubbers and the points. The 
negative charge produced upon the rubbers is allowed to 
flow off into the earth by connecting the rubbers to earth 
with a chain. 



Fig a6. 

The Holtz Machine. — The machine most used in 
generating frictional electricity is that of Holtz (Fig. 27). 
In this two plates of glass lie parallel to each other, one 
being fixed, the other capable of being revolved by means 
of a handle and accelerating gearing or belts. The fixed 
plate has two small windows cut in it, and near each win- 
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dow, on the side opposite the rotating glass plate (wc 
will call this the rear side), is affixed a piece of stiff var- 
nished paper, called an " armature." Both armatures are 
prolonged into long tongues, which reach into the win- 
dow and are bent around until they almost touch the rear 
side of the revolving plate. These tongues point in the 
direction opposite to that in which the plate revolves. At 
the front of the machine are two conductors terminating 
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in knobs, m and n. These conductors slide in bearings, so 
that they can be drawn apart and pushed together again. 
They communicate each with one of two combs or 
brushes with metallic points, P and P ', which lie opposite 
the two armatures, / and /', though, of course, separated 
from them by the thickness of the revolving plate. The 
action is as follows : The knobs, m and n, being placed in 
contact, and a small positive charge being communicated 
to one of the armatures, say to/', the glass plate is given 
a rapid revolution. The plus charge immediately acts 
inductively upon the metallic comb P' through the glass. 
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This attracts negative electricity to the points, which is 
instantly discharged upon the front surface of the revolv- 
ing plate, while plus electricity is repelled through the 
metal knobs, and thence to the left comb, P, where it is 
discharged upon the front side of the revolving plate op- 
posite the points. Here it acts by induction upon the \efl 
paper armature, /, attracting negative electricity and re- 
pelling positive into the tongue of said left armature, 
which slowly discharges it upon the rear side of the ro- 
tating plate. The revolution continuing, this charge on 
the back comes around until it gets opposite the right 
comb, P'. Upon this it acts by induction, attracting a 
minus charge to the points, which discharges itself on the 
front surface of the plate, and repelling a plus charge 
through the rods and metal knobs and into the left comb, 
P. Thus it assists and increases the action of the arma- 
ture hrst charged. But the minus charge which we saw 
produced in the left armature by the positive electricity 
of the left comb has meanwhile attracted more positive 
electricity into this comb, and therefore has increased its 
discharge of positive electricity upon the front surface of 
the revolving plate. It has also repelled minus electri- 
city through the brass rods and knobs and into the right 
comb, P', which discharges also upon the front surface 
of the plate. This minus electricity neutralizes the plus 
charge brought around from the left brush by the front 
surface ; so that during one-half of the revolution (in this 
case in the upper half) both sides of the disc are positive- 
ly electrified, while in the other half both sides are nega 
lively electrified. 

When the armatures and combs have reacted upon 
each other until a considerable charge has been produced 
(which will be shown by the resistance offered to the turn- 
ing of the crank, and by a light blue flame issuing from 
the points) the knobs are drawn apart. The current pass- 
ing between them will now have reached such a tension 
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that it can overcome the resistance of the intervening air, 
and it will jump across it, producing a brilliant succession 
of sparks. . 

Other Methods of rrodueing Electricity.— Be- 

sides friction there are numerous other sources of elec- 
tricit)7 ; among these are percussion, vibration, disruption 
and cleavage, evaporation, pressure, combustion, the appli- 
cation of heat and cold to certain crystals, heating the 
junction of dissimilar metals, and placing in contact dis- 
similar metals. None of these, however, except the two 
last named, have ever been used in practice. 

Atmospheric Electricity. — Many atmospheric phe- 
nomena are believed to be due to the electricity developed 
by the evaporation of the water on the globe. The clouds, 
being charged with one kind of electricity, hang over the 
earth, which is oppositely charged, while the intervening 
air acts like the glass of a Leyden jar and keeps the oppo- 
site electricities from recombining. If, however, the ten- 
sion becomes so great as to overcome the resistance thus 
offered, the opposite charges come together with a flash 
and a detonation, producing the well-known phenomena 
of thunder and lightning. The charge on the lower side 
of the cloud is thus neutralized, but the other portions 
still contain charged surfaces. The equilibrium being 
now destroyed, however, internal combinations and reac- 
tions are set up, giving rise to rumblings, flashes, and de- 
tonations. 
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CHAPTER III. 

WORK AND POTENTIAL. 

In order to apply electricity to the practical uses of 
supplying light and power, it is necessary to study its 
action quantitatively as well as qualitatively : not only 
must we know that we can do certain things by its means, 
we must also know how much expenditure of time and 
money it will cost. To arrive at this knowledge it be- 
comes needful to study the performance of work, because 
in the commercial world it is by this standard that all 
estimates are made and all expenses calculated. 

Work, it is well known, is the product of force by dis- 
tance. When we lift a weight from the ground we over- 
come the force of gravity, which tends to keep together 
the two attracting bodies, the weight and the earth. To 
lift one pound we have to exert a certain amount of 
strength ; that is, we have to do some work. Now, as the 
force ot attraction between the earth and a two-pound 
weight is twice that between the earth and a one-pound 
weight, it is obvious that we should have to do twice as 
much work to lift two pounds one foot as one pound. But 
suppose that, instead of raising two pounds one foot, we 
raise it two feet. It clearly will require just as much 
work to raise it the second foot as it did the first ; so that 
the work of raising it two feet will be twice that of raising 
it one foot. As we have found that it requires twice as 
much work to raise two pounds one foot as to raise one 
pound through the same distance, it clearly requires four 
times as much work to raise two pounds through a dis- 
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tance of two feet as to raise one pound through a distance 
of one foot. The same reasoning will show that it takes 
one hundred times as much work to raise ten pounds ten 
feet as to raise one pound one foot. Now, the work of 
raising one pound one foot is called " a foot-pound," and 
is the unit ordinarily used in the United States and Great 
Britain. This unit is, however, too large for measuring 
with convenience in many cases; and for this reason a 
much smaller one has been invented, called the "erg." It 
expresses the work performed in lifting a weight of one 
dyne through one centimetre. A dyne is an extremely 
minute weight, being about ^Jy of a gramme. A gramme 
is about .0022 of a pound, and a centimetre is .39 inch. 

We have already seen that magnet-poles and electri- 
fied bodies exert forces of attraction and repulsion upon 
other magnet-poles and electrified bodies. The force 
thus exerted can be measured just as easily as that of a 
weight can, for the force a weight exerts is merely by 
reason of the attraction between it and the earth ; and it 
can also be expressed in terms of the same unit, the dyne. 

But for the same reason that a mere statement of the 
weight a body has conveys no idea of the amount of 
work it can perform, unless we state how high it has been 
raised, so a statement of the magnetic or electric force 
a body can exert conveys no idea of what work it can 
perform, unless we know through what distance it be 
exerted. It therefore becomes necessary to adopt some 
expression which will show not only how much force a 
magnet-pole or electrified body can exert, but also how 
much work it can do. The expression used to convey 
this idea in electrical science is "potential." 

Electric Potential.— We have seen that an electri- 
fied body exerts a repelling lorce upon a body similar- )(^ %^ 
ly electrified. To forcibly bring up, then, such a body 
against the opposing force will clearly require the ex- 
penditure of a certain amount of work, which will be 
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greater the more highly electrified both bodies are, and 
the greater the distance through which the repulsion is 
overcome. In order, therefore, to get an expression of 
unit work or unit potential, it will be necessary to bring 
up a unit charge. As the repelling power of the station- 
ary charge has a certain value, mathematically speaking, 
over even immense distances, we shall have to start the 
unit charge from a point infinitely distant, so as to be free 
from its influence. Now, in bringing it up against the re- 
pelling force it is clear that at first this force is not ap- 
preciable, but that it grows stronger and stronger as the 
intervening distance grows smaller. It would not be ac- 
curate, then, to say that after we had moved it over any 
distance, such as a centimetre, we had performed an erg 
of work, because the force has been far from constant and 
has been very small. Ultimately, however (supposing 
the fixed charge to be large enough), we shall have done 
one erg ot work. The point at which we have now ar- 
rived is said to have a potential of one ; that is, it has re- 
quired one unit of work to bring up a unit charge of the 
same name as the repelling charge up to that point from 
an infinite distance. For the sake of uniformity posi- 
tive charges are supposed to be used ; a negative one 
would itself do work in going up to a positive charge, in- 
stead of requiring work to be done upon it. 

If now we bring the plus unit charge closer and closer 
to the fixed charge, more work will have to be done. 
Eventually we shall get the unit charge close up to and 
touching the surface of the stationary one. Tlie amount 
of work will, of course, vary with the repelling force of 
this charge — that is, with its amount. If the work re- 
quired be two ergs, then the surface of the fixed station- 
ary body which the unit charge touches will have a po- 
tential of two ; if three ergs had to be expended, then its 
potential will be three. 

The potential at any point is, then, the zuork that must be 
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done on a plus unit of electricity in getting it up to that point 
from an infinite distance. 

The significance of potential will not be evident, how- 
ever, until we reflect that when we raise a weight through 
a certain height, or a unit of electricity to a certain poten- 
tial, the weight and the unit can do the same work in fall- 
ing as was done in raising them. If we raise a pound a 
distance of one foot, thereby doing a foot-pound of work, 
we store up an energy, or potential, of one foot-pound, be- 
cause if we let the weight fall it will itself perform one 
foot-pound of work. This work may be used for turning 
machinery or for other useful purposes ; but in case it is 
not the weight will fall unimpeded to the ground, and 
will perform the same amount of work in indenting the 
earth and developing heat at the point of impact. In the 
same way, if we free a plus unit of electricity which we 
have raised to a potential of one, we shall find that we 
have stored up an amount of energy equal to the amount 
of work required to accomplish this ; for in obeying the 
force of repulsion the plus unit will go off to an infinite 
distance, thereby performing one erg of work. 

The fact that work has been done either in raising 
a weight or electrifying a body to a certain potential 
shows that there has been a forcible disturbance of equili- 
brium, which nature will restore at the first opportunity. 
The weight, then, will fall as soon as released, and the unit 
charge will also fall as soon as given a medium, or " con- 
ductor," through which it can fall. We have seen that 
electricity flows through some substances; the reason 
will now be plain, for we see that it is only endeavor- 
ing to expend energy by falling from a highly electrified 
place, or one possessing a high potential, to one of low 
potential; and that ^he conductor is merely a medium 
through which it can fall, in the same way that air is a 
medium through which a weight can fall. 

The way of producing electricity by turning a friction- 
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al machine is, however, very unsatisfactory in practice ; 
the degree of electrification, or potential, attained is ex- 
tremely high, but the quantity of electricity produced is 
extremely minute. It is as though a very small amount 
of water fell from an immense height. In the arts a lar- 
ger quantity is needed, and so high a potential is not ordi- 
narily required ; to carry out the water analogy, we need 
more water, but do not care to have so much " head," or 
force. A more convenient power is therefore required, 
and this we find in the voltaic, or galvanic, or, as it is 
sometimes called, hydro-electric, battery. This consists of 
two dissimilar substances, standing in one or more liquids, 
and connected by a wire. The contact of the metal wire 
and the dissimilar substance of the battery produces an 
opposite electrification, and therefore a difference of po- 
tential, in them. The higher potential, in seeking to fall 
to the lower through the conducting medium of the wire, 
sets up a " current " therein. This would speedily reduce 
the whole system to the same potential, were it not that 
chemical action begins in the battery, and this has the 
effect of restoring the high potential as fast as it falls, 
thus maintaining the difference ot potential, in the same 
way that, in the frictional machine, the revolution of the 
glass disc maintains it. The result is a "current'* of 
electricity flowing through the wire. 

Electrification by Contact. — Volta discovered that 
when two different metals were placed in contact they 
became electrified, one positively, the other negatively. 
He also discovered that the degree of electrification, or 
the difference in potential, between them was greater 
when certain substances were used than others. A care- 
ful series of experiments with metals of all kinds showed 
which assumed the greatest difference of potential. He 
then arranged in a list the substances found to be most 
suitable, and placed them in such an order that, when any 
two are used, the one of them nearer to the head of the 
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list will be the one positively, the other the one nega- 
tively, electrified. The list as arranged by Volta was; ^ 
zinc, lead, tin, iron, copper, silver, gold. ^ 

Since then sodium and magnesium, in the order named, ^ 
have been found to be more positive than zinc, and plati- ''■ 
num and carbon, in the order named, more negative than 
gold ; so that the list now stands : sodium, magnesium, 
zinc, lead, tin, iron, copper, silver, gold, platinum, carbon. 

It follows from the principle of the arrangement that 
the farther apart any two metals stand in the hst, the 
greater will be the difference of potential between them 
when placed in contact, and therefore the more vigor- 
ously will the current circulate in the connecting wire 
from one to the other. 

Sir WiUiani Tliomsoii's Quadniiit Electro- 
meter. — This is an instrument represented in Fig, 28. 
It consists of a glass case, supporting a tube carry- 
ing a metallic thread, 
from which hangs a 
light needle to which 
a charge of electricity 
has been imparted, so 
that it will be attract- 
ed by a body dissimi- 
larly charged, and re- 
pelled by one similarly 
charged, the degree of 
attraction or repulsion 
depending upon the 
charge of the needle 
and the other body. 
Below the needle are 

two pairs of quadrants, ^'v- '*■ 

I 3, and 2 4, the two opposite quadrants being connected 
with each other, and communicating with the bodies 
whose difference of potential is to be measured. If the 



*^. 
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two poles of a battery or condenser, or if two points of a 
conductor traversed by an electric current, be connected 
to the two pairs of quadrants, the two pairs of quadrants- 
will assume different potentials. As the quadrants are 
arranged it is clear that the two in each pair assist each 
other in turning the needle. As the two pairs are equal 
in size, the needle will remain unaffected, if they both be 
charged to the same potential ; otherwise it will be at- 
tracted by one pair and repelled by the other, if they are- 
charged with different potentials, or if both are similarly 
charged, though in a different degree, the effect of the 
pair of higher potential will overcome that of the lower.. 
The needle is kept at a certain potential by being con- 
nected by a wire, c, with a charged condenser. 

To amplify the linear graduation of the instrument a 
ray of light is made to fall upon a little concave mirror,. 
M, hanging below the needle in such a way that the re- 
flection is thrown upon a screen marked with a gradu- 
ated scale, so that. a slight movement of the needle will 
produce considerable movement of the reflected spot of 
light. The same device is also found in Sir William 
Thomson's mirror galvanometer. Behind the screen in 
each instrument is a light which shines, through a slit in 
the screen, upon the mirror. When the needle is in its 
normal position the spot of light rests upon the zero- 
mark of the scale. But when the needle moves to one 
side or the other the spot of light travels over the gradu- 
ations of the scale, and finally comes to rest at the gradu- 
ation indicating the difference of potentials sought. 

Note. — The dyne has been here considered for convenience of illustration as the unit of 
weight and equal to ^T gramme. This is not strictly accurate, as the dyne is the unit of" 
force — i.e.y that force which, acting for one second on a mass of one gramme, gives it a velocity 
of one centimetre per second. Now, gravity {g) gives a mass of one gramme in one second a 
velocity of 981 centimetres per second. The weight of one gramme (/.f., the force with 
which it is attracted to the earth) i-<, therefore, equivalent to q8i dynes. The value of g^ 
varies as the latitude of the place, but for these latitudes its value is very nearly ^81. 



CHAPTER IV. 

VOLTAIC BATTERIES. 

The most simple form of voltaic battery (sometimes 
called a galvanic, and sometimes a hydro-electric, bat- 
tery) is made by immersing two dissimilar metals in a 
jar of acidulated water, and joining them outside the 
liquid by a wire. The current of electricity produced is 
stronger when certain substances are used than others, 
and its direction in the wire is towards the more oxidiz- 
able one from the less. That one from which the current 
flows is called the positive pole of the battery ; the other 
the negative. The following list comprehends the sub- 
stances most suitable for the purpose, and they are here 
so arranged that the current flows through the wire from ' 
the one nearer the head of the list when any two of them 
are used, and is strong in proportion to their distance 
apart in the scale ; Carbon, platinum, gold, silver, cop- 
per, iron, tin, lead, zinc. 

A very convenient form of voltaic couple is made by 
using plates of zinc and copper in acidulated water (Fig. 
29). On first closing the circuit be- 
tween them by a wire a powerful 
current begins to pass ; but almost 
immediately its strength commences 
to fall off, and little bubbles of hy- 
drogen gas appear upon the surface 
of the copper plate. The weaken- 
ing of the current is, in fact, due to 
these hydrogen bubbles, whose ef- ng. *), 

feet soon becomes so great as to render the battery to- 
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tally unfit for practical purposes, and to make necessary 
the adoption of means for their removal. In order to 
comprehend the means employed it will be necessary to 
understand the cause of their appearance, and the way in 
which they act. 

Polarization. — By polarization is meant the deposi- 
tion of these hydrogen bubbles upon the negative plate 
of a battery. When a piece of pure zinc is placed in 
acidulated water no appreciable chemical action takes 
place, even when a piece of copper is also immersed, until 
metallic connection is made from the zinc to the copper. 
As soon as this is done, however, the zinc begins to 
dissolve and hydrogen bubbles to be evolved. The zinc 
combines with the sulphuric acid in the solution, forming 
sulphate of zinc, and liberating hydrogen : 

Zn + H, SO, = Zn SO, + 2H. 

It will be noticed, however, that all of the hydrogen 
goes to the copper plate, being apparently carried or 
translated there through the liquid by the force of the 
electric current. Now, the weakening effect of the bub- 
bles is twofold : first, as hydrogen is a bad conductor of 
electricity, they offer a great resistance to the passage of 
the current through the liquid ; second, as hydrogen and 
copper form almost as strong a galvanic couple as zinc 
and copper, they set up a current of their own opposed 
to that of the zinc and copper. To get rid of these ruin- 
ous bubbles, and so obtain a battery of constant current, 
useful for practical purposes, numberless devices have 
been adopted by different inventors. These may all be 
classed under the three heads of mechanical means, 
chemical means, and electro-chemical means. 

Mechanical Means.— Smee's battery. The hydro- 
gen may be simply brushed away from the copper plate, 
air may be forced through the solution in such a way as 
to carry off with it the hydrogen bubbles, the liquid may 
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be agitated, or a simpler expedient still, that of Smee, may 
be adopted. 

This consists in covering the surface of the plate with 
a number of very fine points, from which hydrogen freely 
escapes. In carrying out this plan 
Smee replaced the copper plate 
with one of silver, and covered it 
with a rough surface of very fine- 
ly divided platinum (Fig. 30). 
Smee's battery, however, does not 
cause the escape of the hydrogen 
with sufficient rapidity to main- 
tain a powerful current for more 
than a very few minutes. 

Chemical Means.— These 
consist in adding to the liquid a ^'* ^' 

highly oxidizing substance, such as bichromate of potash, 
bleaching-powdcr, or nitric acid, in order to oxidize the 
hydrogen as soon as it is formed. 

Electro-Chemical Means. — These consist in util- 
izing the power possessed by the electric current of de- 
positing metals from solutions of their salts, in such a way 
that a solid metal shall be deposited instead of hydrogen. 
To accomplish this it is necessary to employ double cells, 
containing two fluids, whose action will be explained 
farther on. 

Single-Fluid Batteries. — The principal single-fluid 
batteries are Smee's battery (already described), the bi- 
chromate battery, and the Leclanch^. 

The Bichromate Battery (Fig. 31).— This battery 
is one in which polarization is prevented by purely chemi- 
cal means. To prepare the solution add five fluid ounces 
of sulphuric acid to three pints of water, and when this 
becomes cold add six ounces of finely-pulverized bichro- 
mate of potash. As this liquid will attack copper, carbon 
is used instead; and as it acts on zinc also, even when 
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the circuit is not closed, the zinc plate is provided at the 
top with a rod by which it can be 
raised out of the solution when the 
battery is not in use. The bichro- 
mate battery (of which there are 
many forms) is very convenient for 
laboratory use and for other pur- 
poses for which a strong current is 
needed for a short time ; but it 
does not effectually check polariza- 
tion for more than a few minutes. 

Leclaiich^'s Battery (Fig. 
32), — In this battery also preven- 
tion of polarization is attempted by 
purely chemical means. Zinc and 
"''■ carbon are used, as in the bichro- 

mate battery, but a solution of sal-ammoniac replaces the 
exciting liquid there used, and powdered binoxide of 
manganese — a substance which slow- 
ly yields up oxygen and thus de- 
stroys the hydrogen bubbles — takes 
the place of the bichromate of pot- 
ash. In the later forms of Le- 
clanch^'s battery a plate of carbon is 
inserted between, and in connection 
with, two compressed prisms made 
each of peroxide of manganese and 
carbon, the three being held together 
by strong rubber bands. They are 
secured to the cover which tits over 
the jar, as is also a rod of amalga- 
mated zinc. The Leclanch^ battery '^' '** 
is admirably suited for telephone lines, house and hotel 
annunciators, burglar-alarms, etc., where continuous work 
is not required. It is simple and cheap, and, after being 
once put in operation, requires no farther attention what- 
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ever. It does not furnish as strong a current as the 
bichromate battery, but it gives very much less trouble. 

Two-Fluid Batteries.— It is in two-fluid batteries 
only that perfectly constant currents are obtained and 
polarization thoroughly prevented. Three of the most 
widely used two-fluid batteries are the Daniell, the Bunsen, 
and the Grove, and there are many modifications of each 
of these. 

Daiiiell's Battery (Fig. 33). — In the Daniell ele- 
ment the zinc 
stands in the acid 
solution, while a 
sheet of copper 
stands in a solution 
of sulphate of cop- 
per, the two liquids 
being separated 
from each other 
by a porous dia- 
phragm. The bat- Fig. 3> 
tery is made ia 

many forms. In some the zinc stands in an inner porous 
<:ell, while the copper stands in its solution in the outer 
cell or jar; in others the zinc is bent into the form of 
a hollow cylinder and stands in the outer glass jar, sur- 
rounding the porous cup containing the copper and sul- 
phate. In all, however, the action is the same. When the 
circuit is closed the acid attacks the zinc, forming sulphate 
of zinc and liberating hydrogen. The hydrogen then 
starts towards the copper plate, but, meeting the sulphate 
of copper, it displaces therefrom the copper, forming sul- 
phuric acid, while the copper is deposited upon the cop- 
per plate. 

Zn + H, SO, = Zn SO. + 2H, and 
2H + Cu SO. = H, SO. + Cu. 
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 The Gravity Battery (Fig. 34). — It is found in 
practice that the porous cup be- 
comes in time impregnated with 
copper, especially if much used 
upon an open or broken circuit; 
the porous "cup is, moreover, 
somewhat expensive. The gra- 
vity battery was therefore de- 
vised, which has no porous cup, 
and in which the necessary 
separation of the liquids is main- 
tained by taking advantage of 
their different densities. The 
zinc is suspended in a dilute so- 
lution of sulphate of zinc, and 
the copper lies at the bottom of the jar in a saturated so- 
lution of sulphate of copper. The gravity battery is bet- 
ter adapted than any other for continuous work on tele- 
graph lines, as it furnishes a very constant current and is 
not liable to get out of order. 

Grove's Battery (Fig. 35).— In the Grove element 
zinc and platinum are the 
metals used. The former 
is usually bent into a cy- 
lindrical form and placed 
in a glass jar containing a 
weak solution of sulphu- 
ric acid, while the latter 
stands in a porous jar 
holding strong nitric acid 
and surrounded by the 
zinc. When the circuit 
is closed the zinc dis- 
solves in the acid, and ^'** "' 
the hydrogen evolved' passes into the porous jar and 
combines with the nitric acid to form water and nitrogen 
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peroxide gas. This gas, being very soluble in nitric acid, 
does not form upon the platinum plate and produce polar- 
ization, but it tends rather, by dissolving in the nitric acid, 
to lessen the already slight resistance which that liquid 
offers to the passage of the current through the battery 
from the zinc to the platinum. The battery gives a strong 



and constant current, and it was largely used at one time 
in this country for working telegraph lines. The fumes 
of nitric peroxide, however, which rise from it, are ex- 
tremely, disagreeable and irritating to the lungs, and im- 
pair greatly the value of the battery for practical use. 

Bunsen's Battery (Fig. 36). — In this battery, some- 
times called the carbon battery, the expensive pole of 
platinum is replaced by one of carbon. As will be seen 
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by referring to the list already given, this combination 
gives a greater current than that of zinc and platinum. 
The Bunsen cell is, however, somewhat more difficult to 
keep in order, and great care must be used in making'the 
connection of the wire to the hard carbon. In some forms 
the zinc is made in the form of a hollow cylinder em- 
bracing the porous jar which contains the carbon. In this 
case the carbon is provided at the top with a heavy cop- 
per ring which supports a binding-screw. Opposite to 
this binding-screw the curve of the' carbon is transformed 
into a plane surface, so that a wire placed in between the 
flat surface of the carbon will, when the binding-screw is 
screwed down upon it, make a good connection. The wire 
is usually flattened at the point of connection, and is 
covered with platinum on the side next the carbon. A 
solution (electropoion) of bichromate of potash and sul- 
phuric acid is often used instead of the nitric acid. 
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Electro-Motive Force.— We have seen that elec- 
tricity tends to fall from a highly electrified place, or one 
possessing a high potential, to one of less potential, so 
that a difference of potential between two points exerts a 
certain force upon a quantity of electricity, which force 
tends to move it. To this force is given the name electro- 
motive force. As the difference of potential between two 
points may vary, the electro-motive force produced there- 
by may vary ; and as a great difference of potential oc- 
casions a rapid and vigorous passage of current, while a 
slight one occasions a slower and weaker one, we may say 
that the strength of current in any conductor is propor- 
tional to the electro-motive force. 

Strength of Current. — If we hold a wire, through 
which a current from one cell of a battery is passing, over 
and parallel to a magnet- 
ic needle, the needle will 
be deflected (Fig. 37). If 
now we increase the num- 
ber of cells we shall find 
that the amount of deflec- 
tion is also increased. As 
the current exerts in some 
way a deflecting force 
upon the needle, we have 
evidently increased its strength by increasing the number 
of batteries. Suppose that the batteries used were Dan- 
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iell's (any other would do as well), and that we connected 
the cells in what is called ** series" — that is, we connected 
the zinc of one cell to the copper of the next, and so on 
(Fig. 38). Now, the difference of potential between the 




Fig. 38. 

first zinc and the last copper will be equal to the sum 
of the difference of potentials between all the zincs and 
coppers. The electro-motive force set up is, therefore, 
greater than with one cell, and this accounts for the 
greater strength of the current. 

Resistance. — But we can get increased strength in 
another way. Suppose, instead of using more cells, we 
kept the one cell and used a wire twice as thick. We 
should find that we obtained a greater deflection of the 
needle. If now we use a smaller wire we shall find that 
we get a smaller deflection. We shall find also that we 
can obtain the same results by using wires made of metals 
which are better or worse conductors than our first wire. 
If, for instance, we first used an iron wire and then used 
a copper wire, we should get a greater deflection in the 
latter case than in the former. We thus see that the 
strength of a current depends upon the conductivity of 
the medium through which it flows. It is customary in 
electrical science, however, to consider not so much the 
conductivity of a wire as the converse of its conduc- 
tivity, or its resistance. 

Ohm's La^i'^. — Dr. Ohm discovered the important 
law that " the strength of the current varies directly as 
the electro-motive force, and inversely as the resistance of 
the entire circuit.** This law may be said to form the 
foundation of nearly all the computations made in elec- 
trical science. 
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Unit Strength of Current.— The efiFect which a 
current produces upon a needle obviously varies with 
the strength of the current and the distance at which it 
acts upon the needle. As a current consists of a certain 
number of units of electricity moving from one point to 
another, its force upon a needle varies inversely as the 
square of the distance over which it acts. In order to 
get an expression for unit strength, it is clear, then, that 
we must assume that the distance between the conductor 
and the pole of the magnet-needle is unit distance — i.e.y 
one centimetre. As the effect upon the magnet-pole ob- 
viously varies with the strength of that magnet-pole, we 
must also assume a magnet-pole of unit strength. The 
unit of force we have already determined upon — the 
dyne. Now, the strength of a current depends upon the 
number of units of electricity that pass a given point in 
one second, so that we have unit strength when one unit 
passes in one second. Again, the number of units of 
electricity acting upon the magnet-pole must be greater 
in a long length of wire than in a short one, so that we 
must assume that the conductor is of unit length also. 
A consideration of the above conditions, then — ue., that 
the conductor must be one centimetre long, one centi- 
metre distant from a unit magnet-pole, and act on it with 
a force of one dyne — leads us directly to the conclusion 
that— 

A current of unit strength is one such that if a conduc- 
tor one centimetre long carrying it be bent into an arc of one 
centimetre radius^ it will act with a force of one dyne on a 
unit magnet-pole placed at the centre. 

The unit quantity of current electricity is, therefore, ^ . 
the quantity of electricity carried in one second by a cur- / 
rent of unit strength. 

The unit of current electricity thus obtained is called 
the " electro-magnetic '* unit to distinguish it from the 
unit we have hitherto considered, called the " electro- 
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static** unit. The electro-magnetic unit of electricity is 
very much larger than the electro-static unit. 

Electro-magnetic Unit of Potential. — This is 
^ determined by the consideration that it shall require the 
expenditure of one erg of work to raise an electro-mag- 
netic unit of quantity through one unit of potential. As 
the electro-magnetic unit 6f electricity (called the electro- 
magnetic unit of quantity) is very much larger than the 
electro-static unit, the electro-magnetic unit of potential 
must be correspondingly smaller than the electro-static. 
An electro-magnetic unit of electricity, therefore, in falling 
through one electro-magnetic unit of potential, must per- 
form just one erg of work. 

As by Ohm's law the strength of current is propor- 
tional to the electro-motive force and inversely propor- 
tional to the resistance, then if we express strength of 
current, el ectro-m otive force (or difference of potential), 
and resistance^ units, the strength of current must be 
equal to the number of units of electro-motive force di- 
vided by the number of units of resistance. Indicating 
the first by C, the second by E, and the third by R, 

c-^ 



<\ 



Unit of Resistance.— Solving the above equation 
with reference to R, 

^ - C 

So we see that a conductor has unit resistance when the 
current through it is equal numerically to the difference 
of electro-motive between its ends ; or when a difference 
of unit potential between its ends will produce a current 
of unit strength. 

Laws of Resistance. — i. The resistance of a con- 
ductor is proportional to its length. A wire two miles 
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long will have twice as much resistance as a similar wire 
one mile long. 

2. The resistance of a conductor is inversely propor- 
tional to its area of cross-section. Wire one-half inch thick 
will, therefore, have four times as much resistance as wire 
one inch thick. 

3. The resistance of a wire of given length and thick- 
ness depends upon the specific resistance of the material 
of which it is made. 

Capacity. — It is clear that if we electrify a body by / q 
imparting to it two units of electricity we raise its poten- 
tial twice as high as if we impart to it only one unit, be- 
cause it would require twice as much work to bring up to 
it a positive unit of electricity. A little consideration 
will also show us that if we impart two units of electri- 
city to a large body we will not raise the potential of its 
surface so high as we would the potential of the surface 
of a small body to which we also imparted two units. In 
the case of two spheres, for instance, one having a radius 
of two centimetres, the other a radius of one centimetre, 
the repelling force of each would act as if concentrated 
at the centre ; but as the surface of the former is twice as 
far from its centre as the surface of the latter is from its 
centre, and as the force of repulsion varies inversely as the 
square of the distance, the repulsive force at the surface 
of the small sphere would be four times that at the sur- 
face of the large one. Consequently, it would require 
more work to bring a plus unit up to its surface than to- 
that of the large sphere. The large sphere, then, has the 
ability to receive more electricity before its potential rises 
to a certain point than the small one has. This ability 
of a body to hold electricity is called its " capacity." Its 
importance is obvious, when we recollect that if we con- 
nect a Leyden jar or other body to a source of elec- 
tricity, the receiving body will receive electricity until its 
potential is equal to that of the source, in the same 
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way that a vessel or reservoir will receive water until 
the level to which the water rises in it is equal to that 
of the source. And as a reservoir of large capacity 
will receive a large amount of water before its level rises 
to that of the source, so will a conductor of large capacity 
receive a large amount of electricity before its potential 
rises to that of the source. Now, it will be remembered 
that we found that two plates of tinfoil could receive 
more electricity from a certain source when separated by 
a thin sheet of glass or other *' dielectric " than when not 
so separated. In other words, we found that the effect of 
the dielectric was to increase the capacity. 

Unit Capacity. — A conductor possesses unit capa- 
city when a charge of one unit of electricity raises its 
potential to one. A sphere of one centimetre radius, if 
charged with one electro-static unit of quantity, will be 
raised one electro-static unit of potential ; it therefore pos- 
sesses unit capacity in electro-static measure. But as the 
electro-magnetic unit of quantity is very large, and the 
electro-magnetic unit of potential very small,, a body, to 
possess electro-magnetic unit capacity, would have to be 
enormous. For this reason, as will be shown farther on, 
the unit of capacity practically employed is one thousand 
millionth of this unit. It is called a farad, 

PRACTICAL UNITS. 

The " electro-magnetic " units of potential, resistance, 
.•and ca paci ty^ are not suitable for making practical 
measurements, the units of potential and resistance being 
much too small, and the unit of capacity much too large. 
For this reason more convenient units, called " practical 
units," are employed. 

Practical Unit of Potential. — The practical unit 

of potential, or electro-motive force, is called the volt, in 

'honor of Volta. .• It is equal to 100,000,000, or IO^ abso- 

lute (or C. G. S.) units of potential. C. G. S., it may be 



/ 



ff 



%<" •: 



LAWS OF CURRENTS. $y 

here explained, means centimetre, gramme, second, which 
are the units adopted for absolute measurements. 

Practical Unit of Resistance.— The practical o-Aiii, 
I ■y unit of resistance is called the o^^w, in honor of Dr. Ohm. "^ - Mr^,,. 
The ohm is equal to l ,ooo,ooo,ooo( m*} absolute, or C. G. --, ^ 
S,, units of resistance. " C 

^ Practical Unit Strength of Carrent.— This is 

/J? E  <5"*Uac. 

■called the ampere. As C =T^. the ampere is clearly equalc :/o -/ - 

to -jV, or io~', of the absolutej^or C. G, S.) unit of 
strength, A current of unit strength carries in one second 
a unit quantity of electricity. Therefore a current ofc- ' 
practical unit strength carries in one second a practical 
unit of quantity. 

Practical Unit Quantity of Current.— This is c-. ,j^ ,- 
1^ called the coulomb. A consideration of the preceding 
paragraph will show that a. coulomb is ^j, or io~', of the 
■C. G. S., or aKoIute,urfit 'of Quantity. 

Practical Unit of Capacity.— This is called the /^ . . . 
!■'. farad, in honor of Faraday. As a conductor has unit ca- 
pacity when a unit charge will raise it to unit potential, 
the unit of capacity must be equal to the unit of quantity 

divided by the unit of pofential, or ^, = io"». The 
■^ io° 

farad, then, is equal to — , C. G. S., or absolute, "units of 
^ id' ' 'A 

capacity. Even this unit is too large, however, and the 
micro-farad, which is one-millionth of 
the -farad, or io~' farads, is employed 
instead. In practice one-third - micro- 
farads are usually employed {Fig. 39). 
These are condensers containing sheets 
of tinfoil separated by parafline-paper, 
{To express a quantity multiplied by 
one million the prefix "meg" is used; f 's- 39- 

" meg-ohm," therefore, means one million ohms. To ex- 
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press quantities divided by one million the prefix " micro " 
is employed; micro-volt means, therefore, one-millionth 
of a volt. To express the thousandth part of a quantity 
the prefix " milli " is used ; " milli-ampdre " means, there- 
fore, one-thousandth of an ampfere.) 

Simple Circuits. — A simple circuit is represented in 

Fig. 40, in which C Z represents 
the battery, and the curved line 
indicates the conducting wire, 
whose resistance is R. Now, no 
battery is composed of such good 
conducting materials that it pre- 
sents no resistance to the passage 
of the current through it, so that 
Fig. 40. in entering into computations re- 

garding them it is always essential to take this resistance 
into account. Supposing that the sum of the united elec- 
tro-motive forces of the cells of the battery represented in 
the diagram to be E, the resistance of all the cells to be 
B, and that of the wire to be R, then 

Grouping of Cells. — Suppose we wish to send a 
message over a wire 200 miles long, of which each mile 
has a resistance of 13 ohms, making the total resistance 
2,600 ohms, and that we know the instrument at the 
other end of the line requires a strength of current of 
.01 ampferes (or 10 milli-ampferes) to work satisfactorily. 
C then must be as great as .01. Suppose we have 50 
Daniell cells, the electro-motive force of each cell be- 
ing I and the resistance 2. Then, over the line, the cur- 
rent from one cell would be 

.._.E... ^ _r I 

SB -+-"^ 2600+2 2602' 

a current too small for our purpose. 
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Suppose we now put the 50 cells in series ; then the 
electro-motive force of the battery will be 50, and the re- 
sistance 100. The current furnished by all the cells on 
the line will then be 

100 + 2600 = i^ = -01 8 + miUi-ampferes. 

If we place the cells, not in series, but in parallel or 
multiple arc — that is, if we connect the copper plates of 
the different cells together and the zinc plates together 




(Fig. 41)— then the electro-motive force of the whole bat- 
tery will be only that of one cell. The resistance of the 
fifty cells will, however, be only one-fiftieth of that of one 
cell, because the resistance of a conductor varies inverse- 
ly as its section, and by combining the cells in the manner 
described we have multiplied the section of the plates by 
fifty. The current, then, through the wire will be 



•j^ + 2600 2600.4 

So we see that for this case, with a wire of so much resist- 
ance, we can get better results with the cells in series 
than in parallel. 

But if we have an extremely small external resistance, 
say one-tenth of an ohm, then, if we arrange the cells in 
series, the current from fifty cells will be 



50 



SO 



lOO+.I lOO.I 



6o ELECTRICITY IN THEORY AND PRACTICE. 

while if we put the cells in parallel we will get a cur- 
rent of 

I lOO 



T^ + .i H 

In this case, therefore, we find that we can get a stronger 
current by putting the cells in parallel. 

A general expression for the current furnished through 
any resistance by any number of cells arranged in any 
form can be easily arrived at. Suppose that we have a 
branches of cells, in each of which branches are b cells ; 
the outside resistance being R, the electro-motive force 
of each cell E, and the resistance of each cell B, then the 
current will be 

bE 

a ' 

As a rule for grouping cells, the strongest current, it can 
be proved, will be attained with any number of cells 

when - B»= R ; that is, when the resistance of the battery 
a 

is equal to the outside resistance. 

Thus we see that when the external resistance is great 
the internal must be great, and that when it is small the 
internal resistance must be small also. A little reflec- 
tion will show us that the same is true of instruments 
to be worked on lines of great or small resistance. If, 
for instance, the line is long and of great resistance, the 
current over it will be small ; while if the line is short 
and of low resistance the current will be greater. In the 
former case we shall have to wrap a great many turns 
of wire around the soft iron in order to magnetize it to 
sufficient strength. In the case of a line of low resistance, 
however, the electro-motive force operating the current 
will be low ; so that if we should wind a great many coils 
around the soft iron we should add sp great a resistance 
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as to materially impair the strength of the current. On 
long lines, therefore, it is the usual practice to employ in- 
struments wrapped with many turns of fine wire, and on 
short lines to employ instruments having fewer turns ot 
coarser wire. 

Branch or Shunt Circuits. — Suppose a current to 
divide, on reaching the point 
T, into three branches (Fig. 
42) whose resistances are a, 
b^ and c respectively. Then, 
if e denotes the difference in 
potential between T and T', 




B 1 — 



Fig. 43. 



the current in a will be — , in 

a 

b will be -, and in c will be -. 
b c 

The strength, then, in each branch will be inversely pro- 
portional to its resistance. Now, as the sum of the cur- 
rents in the branches must be equal to the whole current, 

^^ a^ b ^r"R 

where R is the combined resistance of ^, ^, and ^. There- 
fore 

a^ b^ c""^ 



R = 



b '^""R 
abc 



If there are two branches, the same course of reasoning 
shows us — 

IV — i — 7. 

Development of Heat by Currents. — The resist- 
ance which a wire offers to the passage of electricity 
necessitates the expenditure of a certain amount of energy 
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in order to overcome it. The energy so expended will 
appear in the form of heat in the wire, so that its tempera- 
ture will rise. If, therefore, we place a coil of wire tra- 
versed by a current in a vessel containing any suitable 
liquid, such as water or alcohol, 
into which dips a thermometer, 
the temperature of the water will 
be raised to an extent which will 
be shown by the thermometer 
(Fig. 43). By conducting a care- 
ful series of experiments, and com- 
paring the heating effects pro- 
duced when wires of different 
resistances and currents of dif- 
j... ferent strengths were used, Joule 

was able to arrive at an expres- 
sion indicating the relations between the heating effect, 
the current, the resistance, and the time. He found that — 

1. The number of units of heat developed by a current 
in a conductor is proportional to the resistance of the con- 
ductor. (A heat-unit is the amount of heat necessary to 
raise I gramme of water 1° C.) 

2. The number of units of heat developed is propor- 
tional to the square of the current and to the time during 
which the current flows. 

These laws can be theoretically deduced as follows: 
We have already seen that the work done by a unit of 
electricity in falling through a unit difference of potential 
is one erg. Letting Q equal the number of units that pass 
in a certain time, and E the difference of potential, 

W = QE; . 
as Q equals the whole number of units of electricity that 
have passed during the time, 

Q = Ci, 

where C is the strength of current reckoned in amperes — 
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that is, the number of units of current that pass in one 
second — and / is the number of seconds. Therefore, 

W = C/E. 

But Joule discovered also that heat .and work can be ex- 
pressed in terms of each other, and that one heat-unit — 
that is, the amount of heat necessary to raise one gramme 
of water through 1° C. — is equal to 42 X 10" ergs of work. 
Therefore, letting H = the number of heat-units, 

W 

42 X lo' = "• 

„ C/E . 
42 X lo' 

Now, as C = j^, E = RC, and C/E = ORt ; therefore, 

H= C'"' 



42 X lo" 



C and R are here expressed in C. G. S. units. We have 
already seen that the unit of C used in practice is io~* of 
the C. G. S. unit, and that the unit of R used in practice is 
equal to 10* C. G. S. units. Reducing now to the practical 
units, 

■r-r C R/ , - C R/ .r^-x^ 

This formula gives the total number of heat-units de- 
veloped in any wire of resistance R, but it does not indi- 
cate the temperature to which it will be raised. This is 
dependent upon other conditions in addition. If the re- 
sistance is that of a long length of coarse wire, the heat 
developed may not raise the temperature to a perceptible 
degree, because it is distributed through so large a solid. 
If, however, the same amount of resistance be occasioned 
by a short length of fine wire, the number of heat-units de- 
veloped will be the same, but, as it will be concentrated in 
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a small space, it will have much greater effect on the tem- 
perature of the wire. For wires of equal length, the re- 
sistance varying inversely as the square of the diameter, 
the heat developed will be concentrated in an amount of 
metal varying inversely as the square of the diameter, so 
that the rise of temperature at any one point will vary in- 
versely as the fourth power of the diameter. 

Electrolysis.— It will be remembered that we found 
that the currents of voltaic batteries are subject to an op- 
posing force called polarization, due primarily to decom- 
position of the liquid, and 
produced by the electric 
current. This decompo- 
sition, or " electrolysis," 
as it is called, can be 
easily observed if we in- 
vert two tubes filled with 
water in a vessel of water, 
and introduce therein 
two wires from a battery 
(Fig. 44). Oxygen and 
flB-44. hydrogen will be given 

off almost immediately, 
oxygen gathering in the tube over the wire from the 
positive pole, and hydrogen in the tube over the wire 
from the negative pole. The former wire is termed the 
positive electrode, or anode, and the latter the negative 
electrode, or cathode. On measuring the two gases in the 
tubes it will be found that there is very nearly twice as 
much hydrogen (by volume) as oxygen, the proportions in 
which they are found there being almost exactly those in 
which they combine. A more striking experiment can be 
performed by using sulphate of copper, into which dip 
two pieces of platinum connected with the poles of a bat- 
tery. On passing a current through the liquid the latter 
is split up into metallic copper, which is deposited upon 
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the negative electrode, and sulphion (SOJ, which combines 
with the water, forming sulphuric acid and oxygen. 

Cu SO, = Cu + SO,. 

SO, + H,0 = H, SO, + O. 

The oxygen thus liberated goes to the positive electrode 
(anode) and rises in bubbles. 

Ions. — The constituent parts into which a liquid is 
electrolyzed are called ions ; that part going to the anode 
being called an anion, the other a cathion. Anions are 
supposed to be electro-negative, because they seem to be 
attracted towards the positive electrode ; while cathions 
are supposed to be electro-positive, because they seem to 
be attracted by the negative electrode. 

Liaws of Electrolysis.— I. The amount of ion libe- 
rated at an electrode in a given time is proportional to the 
strength of the current. 

2. The amount of electrolytic action is equal at all 
points of a circuit. 

3. The amount of ion liberated per second is equal to 
the strength of current multiplied by the amount of that 
ion deposited in that time by a current of unit strength. 
This amount is called the " electro-chemical equivalent " 
of the ion. It has been found by experiment that one 
coulomb can deposit .0Q00105 gramme of hydrogen. This 
number expresses, then, the electro-chemical equivalent of 
hydrogen, as one coulomb is the quantity of electricity 
passing in one second when the current is of unit 
strength. 

Electrical Writing. — The power of a current to 
deposit metals from solutions of their salts gives a con- 
venient way of testing for weak currents. If we dissolve 
a few crystals of iodide of potassium in water, to which 
we then add a little starch, we will have a very sensitive 
electrolyte. If we moisten a strip of paper with the solu- 
tion, and lay it upon a metallic surface connected with the 
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negative pole of a battery, while we apply to the other 
side a wire connected to the positive pole, the current will 
electrolyze the solution and liberate iodine. This, com- 
bining with the starch, will form iodide of starch, and leave 
a colored stain upon the paper at the positive electrode, 
even if the current be weak. If now we use the positive 
. electrode as a pencil, and write upon the paper, we shall 
produce letters or figures as fast as we move the wire 
along its surface. 

Electrotypiug. — This is a process involving the 
principles of electrolysis. In practice the article to be 
electrotyped is covered with wax, over which is placed a 
layer of plumbago to give a conducting surface. The 
whole is then suspended in a bath of sulphate of copper, 
in which is also suspended a plate of copper, while wires 
from the negative and positive poles of a battery or other 
generator are joined to the former and latter respectively 
{Fig. 4S). The electric current now electrolyzes the solu- 



tion, and copper is deposited upon the cathode, while the 
sulphuric acid liberated attacks the copper plate at the 
anode, which therefore dissolves in the Hquid in the same 
quantity that copper is deposited upon the article to be 
electrotyped at the cathode. 
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Electroplating. — This operation is quite similar to 
that of electrotyping. The article to be gilded or silvered 
is hung at the cathode in a bath containing double cyanide 
of gold or silver and potassium, while a plate of the pure 
metal hangs at the anode. The gold or silver dissolves in 
the liquid as fast as it is electrically deposited at the 
cathode, by the electrolyzing action of the current 
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CHAPTER VL 

SECONDARY OR STORAGE BATTERIES. 

We have seen that to overcome the force of attraction 
existing between the earth and any body, between a mag- 
net-pole and a dissimilar magnet-pole, or between two dis- 
similarly electrified bodies, a certain amount of work must 
be done, and that this amount of work is equal to the 
work which the attracting bodies will themselves per- 
form if separated and allowed to obey the attracting 
forces. Now, to separate substances having a chemical 
attraction for each other requires also a certain amount of 
work, which amount of work is equal to that which they 
will themselves perform if allowed to obey the chemical 
attraction and recombine. If we put a piece of zinc in 
sulphuric acid, sulphate of zinc is formed, and the two 
chemicals, in combining, liberate heat. Joule discovered 
that heat and work can be expressed in terms of each 
other ; and that the heat necessary to raise a cubic centi- 
metre of water one degree Centigrade, or one heat-unit, 
was equal to 42 X 1,000,000 ergs — or, as usually expressed, 
42 X 10^ ergs — and that, to express the same fact in En- 
glish units, the amount of heat necessary to raise a pound 
of water one degree Fahrenheit was equal to 772 foot- 
pounds. If we know, then, the exact weight of liquid, and 
then measure by a thermometer the number of degrees 
through which it is raised by the combination of zinc and 
sulphuric acid, we get directly the number of heat-units 
liberated ; or, what is the same thing, the number of units 
of work performed. 

If now we send a current of electricity through a solu- 

68 
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tion of sulphate of zinc or any other solution, and electro- 
lyze it, thereby forcibly severing the attraction between 
the molecules in combination, we must perform the same , 
amount of work as they themselves performed in com- 
bining. Suppose that we send Q coulombs of electricity 
through a solution, each coulomb disengaging the num- 
ber of grammes, Z, of an ion, expressed by its chemical 
equivalent. We then disengage QZ ions in all. Let H 
equal the number of heat-units given out by a gramme of 
that ion in entering into the combination from which we 
have severed it. Then we must do — 
QZH, units of heat, or 
QZH X {42 X 10*) ergs of work. 
But these separated ions tend to reunite with the same 
energy as we have just expended. In other words, we 
have stored up this amount of energy. If, therefore, we 
remove the source of elec- 
tricity, the energy stored 
up will expend itself by 
setting up in the wire an 
electrical current in the 
opposite direction to the 
original one. Devices for 
thus storing up energy by 
electrolysis, and liberating 
it when desired in the 
form of an electric cur- 
rent, are called accumula- 
tors, or secondary, polari- 
zation, or storage batteries. 
Grove's Gas-Battery 
(Fig. 46). — This is simply 
the apparatus described in 
speaking of the electroly- *''«■ ■•'■ 

sis of water. The name is derived from the fact that 
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the inverse current set up on removing the source of 
electricity is due to the action of the two gases collected 
in the tubes. 

Plant^*8 Secondary Battery-— The electro-motive 
force produced by Grove's gas-battery is very small, how- 
ever, and it has never been made of any practical use. 
In i860 Gaston Plants invented a battery in which the 
electrolytic fluid is dilute sulphuric acid and the elec- 
trodes two sheets of lead (Fig. 47). The 
oxygen liberated by electrolysis attacks 
the positive electrode, while a thin film 
of hydrogen forms over the negative 
electrode. Only a small amount of oxy- 
gen is taken up by the anode, however, 
and then the generator of the current is 
removed and the inverse current is al- 
lowed to discharge through the wire. 
The peroxide of lead formed on the 
anode in a brown film combines with hy- 
drojjen and becomes reduced to the 
monoxide; while at the same time the 
pure load of the cathode is attacked by 
oxygen, so that the surface of this plate 
becomes also coated with the monoxide. 
The sulphuric acid, now attacking both 
plates, covers them with a film of sul- 
"* phate of lead. When both plates have 

been ixxluoed to the same condition the current ceases. 
The Imlterv is then said to be "dischanred," It is now 
eonnoctiHl to the generator, and another current is sent 
ihumgh, but in an op|M*site direction fn^ni the first one. 
This has the elT<.i."t of lorming a film of jx^wxide of lead 
<m ihe surface to which the hvdn\i;en lormerlv cluni;. and 
<>t sendinj; hydn.\i;en to the plate lormerlv j^r\^>xidized, 
which nxluces this pUte to metallic lead. The succes- 
si(»n of ohar^rinp? and discharjriiigs in opjx^site directions 
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causes the plates to be eaten into more and more ; and it is 
kept up until both plates are covered with a thick, spongy 
layer, affording a large surface for receiving a deposit of 
peroxide of lead. The process of producing these spongy 
layers is called " forming," and requires several months 
in order to get the battery into a satisfactory condition. 
When this has been accomplished the capacity is very 
great, because a great deal of peroxide of lead can be de- 
posited upon the spongy plates. 

The electrodes of a Plante cell are usually made of two 
large sheets of lead, which are placed one on top of the 
other, but separated by narrow strips of gutta-percha, and 
then rolled up into a spiral form. They are then placed 
in a cylindrical vessel containing dilute sulphuric acid. 

The electro-motive force, as furnished in practice, is 
usually about two volts. As the resistance of the cell de- 
pends upon the size of the plates and their distance apart, 
it can be made exceedingly small. The Electric Power 
Storage Co. of England state that the resistance of their 
cells is only .003 ohm. The current which one cell can 
give through a small resistance is, therefore, very great. 
The greater the current furnished, however, the more 
rapid the expenditure of energy, and the shorter the time 
during which the discharge can be maintained. 

Faure's Battery. — In order to abbreviate the tire- 
some process of "forming,** M. Camille Faure conceived 
the idea of giving to both plates a preliminary coating of 
red lead, which is made into a paste and painted upon 
them. The plates with their coatings are then wrapped 
in parchment, and a piece of felt is sewed around them. 
They are now ready for immersion in the dilute acid. 
The process of forming then pursued is similar to that 
already described, and results in the same way : that is, 
one plate is reduced to the metallic state, while the other 
becomes coated with a thick coating of peroxide of lead. 
But, as red lead is itself an oxide of lead, and as it is in a 
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finely-divided condition, the time required in forming is 
much shorter than when, as in Plant6's battery, the two 
plates are originally hard sheets of metallic lead. 

Since Faure's invention became known in 1880 the 
attention of electricians has been largely turned towards 
the improvement of storage batteries. Their efforts have 
been devoted principally towards reducing the weight of 
the cell — or, to express the idea in different language, 
towards getting for a given weight a greater amount of 
surface, and consequently greater capacity — and towards 
more convenient and economical methods of manufactur- 
ing the electrodes. The direction in which they have 
been working can best be illustrated by giving some of 
the more important claims in some of the patents taken 
out in this country. It will be noticed that the claims re- 
fer largely to processes of preparing the electrodes. 

Camille Faure, January 3, 1882. — "As an im- 
provement in secondary batteries, an electrode consisting 
of a support coated on one or more faces with an active 
layer of absorptive substance, so as to be, or instantly be- 
come, spongy, and thus capable of receiving and discharg- 
ing electricity, in contra-distinction to a metallic plate, itself 
rendered spongy by the disintegrating action of electricity.** 

J. S. Sellon, June 13, 1882.— "An electrode for 
secondary batteries having one or more receptacles 
wherein the active material, or material to become active, 
is packed, and provided with holes or perforations in the 
walls of said receptacles. Also, a perforated battery plate, 
having formed therein recesses or receptacles, and having 
the active material, or material to become active, packed 
in said recesses or receptacles.** 

J. W. Swan, April 4, 1882.— "The method of 
preparing lead plates for use in secondary batteries, con- 
sisting in subjecting the same to the combined action of 
acetic acid and atmospheric air, and subsequently reduc- 
ing the carbonate of lead formed to metallic lead.*' 
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C. F, Brush, July 4, 1883.— "The method of 
forming the plates of a secondary batter}', consisting in 
forming receptacles for oxide of lead in its surface, then 
applying oxide of lead to the plate and within such recep- 
tacles, and afterwards subjecting the oxide of lead to 
pressure." 

C. F. Brush, July 18, 1882.—" The herein-de- 
scribed process or method of coating or combining lead 
or other plates with reduced porous lead, said process 
consisting in coating the said plates with a suitable com- 
pound of lead, and then reducing the latter to the metallic 
state in the dry way by means of a reducing atmosphere." 

Charles F. Brush, August 8, 1883.—" A process 
for making secondary-battery elements, or material from 
which said elements can be constructed, said process con- 
sisting in covering one or more or all of the surfaces of 
a suitable metallic and electro-conducting core or body 
either with superficially oxidized particles of lead, or with 
a mixture of particles of pure lead and lead oxide, and 
afterwards applying pressure sufficient to weld said parti- 
cles or mixture into a compact and coherent mass, and to 
weld the mass to said core or body." 

N. de Kabath, August 23, 1882.— "A compound 
electrode for secondary batteries formed of very thin 
sheets of lead having a coating of sulphate of lead placed 
upon a thicker one and wrapped in artificial parchments." 

C. F. Brush, September 5, 1882. — " A secondary, 
battery element consisting of a perforated plate, sheet, or 
strip, composed primarily of an alloy of lead and a non- 
oxidizable substance, with an active or absorptive coating 
applied thereto.** 

James A. Malouey aud C. H. Koyl, October 
17, 1882. — " The combination in a secondary battery 
of two porous plates having their pores or cells primarily 
filled, the one with peroxide of lead, or other higher form 
of lead oxide, the other with a lower form of lead oxide." 
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C. F. Brush, October 17, 1882.— "A secondary, 
battery element consisting of a support or body having a 
coating attached thereto, said coating primarily composed 
of divided metallic lead and lead oxide, united together 
into a firm and coherent mass/' 

C. F. Brush, October 17, 1883.—" A secondary- 
battery element, or electrode, having a supporting body,, 
or frame, of cast-lead for the active coating or substance, 
said, body or frame provided with slots, perforations, or 
openings." 

A. K. Eaton, October 17, 1882. — " In a storage 
battery, the electrodes consisting of lead sponge upon 
skeleton plates, one electrode being combined with a 
coating of peroxide of lead in organizing the battery, by 
which it is made ready for use without the aid of a pri- 
mary battery." 

Eli T. Starr, November 7, 1882.— " A secondary, 
battery element constructed of a mixture of finely-di- 
vided active material with a material which sets or hard- 
ens after being brought to a plastic or fluid condition." 

Eli T. Starr, November 21, 1882 " The combi- 

nation in a secondary battery of a positive electrode con- 
structed of a metal plate or plates, a negative electrode 
constructed of a porous, active conglomerate or mass,, 
and a porous partition between said electrodes.** 

J. R. Finney, November 21, 1882.— "A cell 
having an electrode, or electrodes, of leafy, flaky, or 
fibrous lead." 

E. T. and E. E. Starr, November 28, 1882.— 
" The combination in a secondary battery of a closed 
battery vessel, having a valve-opening at its top for the 
escape of surplus gases generated in charging the bat- 
tery, the perforated partition forming a space at the bot- 
tom of the battery, the electrodes supported by said 
partition and terminating below the top of the battery 
vessel to form a space thereat, and tubes or openings 
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affording a free communication between such spaces at 
the top and bottom of the battery." 

Alfred Haid, February 6, 1882.—" In a secon- 
dary battery the alternate plates or frames filled respec- 
tively before charging with Prussian blue and oxide of 
lead ; also the combination with the lead-covered or tin- 
covered iron frames, having apertures for containing the 
active material, of a suitable covering for retaining such 
material in place." 

James A. Maloney, February 6, 1883. — " In a 
secondary battery the combination of a plate of black 
oxide of manganese, a carbon plate, and a liquid contain- 
ing an ammoniacal salt." 

T. A. Edison, March 6, 1883.—" The electrodes 
for secondary batteries composed of finely-divided metal- 
lic lead, having compressed portions for connections." 

C. F. Brush, March 13, 1883.— "A secondary, 
battery element composed of a body, frame, or support 
constructed of lead, provided with cells, grooves, perfora- 
tions, or other receptacles, having a coating, or filling, 
consisting primarily of electrically - deposited coherent 
lead or other suitable metal, in combination with a bat- 
tery fluid in which said coating is insoluble." 

N. S. Keith, March 13, 1883.—" In a secondary 
battery the combination of a positive electrode, the ac- 
tive part of which is a finely-divided metal deposited 
thereon by electro-deposition, and a negative electrode, 
the active part of which is a spongy, metallic compound 
deposited thereon by electro-deposition, either one or 
both electrodes contained in a porous envelope." 

T. A. Edison, March 20, 1883.— "An electrode 
for secondary batteries formed partly or wholly of arbo- 
rescent metallic lead, and made integral throughout its 
mass." Electrode is formed by pouring molten lead from 
a height into water, or into powdered chalk or lime, or 
by blowing air through molten lead. 
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C. F. Brush, April 24, 1883.— "A secondary-bat 
tefy element consisting of a core or body of non-oxidiza- 
ble material, such as gold, platinum, or equivalent sub- 
stance, provided with a permanent, active coating." 

C. F. Brush, April 24, 1883.—" A method of form- 
ing the elements of a secondary battery, consisting in con- 
structing the body or support of the elements with corru- 
gated surfaces, applying or producing on said surfaces an 
active coating, and afterwards associating said elements 
together to form the battery." 

E. T. and E. E. Starr, April 24, 1883.—" The 
combination in a secondary battery of electrodes, each 
consisting of a mass of finely-divided, active material sup- 
ported and held at its sides between supports which per- 
mit access through them of the electrolytic fluid of the 
battery, and at its edges by a separate support with a 
porous diaphragm between said electrodes." 

In order to charge a secondary battery it is clearly 
necessary that the charging curi-ent must possess a higher 
electro-motive force than that developed by the second- 
ary battery ; for as the current of the latter is in the op- 
posite direction to the charging current, it will overpower 
it if its electro-motive force is the greater, and will neu- 
tralize it if its electro-motive force is equal. 

Electro-motive Force and Chemical Force.— 
An electrolyzing current, in traversing an electrolyte, has 
not only to overcome the resistance which the liquid of- 
fers to the passage of the current, but it also has to over- 
come the chemical attraction which exists between the 
molecules it separates, which chemical attraction the* 
molecules seek to obey by setting up in the wire a cur- 
rent in the opposite direction. Let the electro-motive 
force of this inverse current be ^, and suppose that the 
electrolyzing current during a given time conveys Q 
units. Now, Q units, in overcoming an electro-motive 
force of e^ must do Qe ergs of work. But Q units, 
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we have seen, must do an amount of work represented 
by QZHJ ergs, when passed through an electrolyte, 
and depositing Z grammes of an ion per unit. There- 
fore 

Qe = QZHJ, 

e = ZHJ. 

In other words, the electro-motive force set up by the 
effort of an ion to recombine is equal to the product of its 
electro-chemical equivalent into its heat of combination 
into Joule's equivalent. 

In a battery such as Danieirs, in which both zinc and 
copper tend to combine with sulphuric acid, the electro- 
motive force set by the copper is in the opposite direction 
to that set up by the zinc* The heat of combination of 
zinc is, however, much higher than that of copper, as zinc 
has a much greater affinity for oxygen. The electro-mo- 
tive force of the former triumphs, therefore ; but its in- 
tensity is reduced by the electro-motive force of the cop- 
per. The E. M. F. of zinc, as obtained from the above 
formula, is about 2.40, while that of copper is about 1.22 ; 
so that the resulting E.M.F. is, theoretically, about 1.18. 



CHAPTER VII. 

THERMO-ELECTRIC BATTERIES. 

If any two of the metals in the following list be joined 
together, and their junctions heated, they will acquire dif- 
ferent potentials, so that, if joined by a wire, a current 

will circulate 

^^^gSjg^gBti therein (Fig. 48). 

I| ^BP " ^^^K^^. traverse the wire 

Fig. 48. torn. The latter 

will, however, 
have the higher potential, so that the current will flow 
from it across the junction to the other. The heat ap- 
plied takes the place evidently of the acid in a hydro-elec- 
tric battery. The electro-motive force thus produced is 
called ** thermo-electro-motive force " : 

Selenium, antimony, red phosphorus, iron, zinc, silver, 
platinum, copper, lead, nickel, cobalt, bismuth. Selenium 
is, however, such a poor conductor and so expensive that 
it is seldom used for this purpose. 

The further apart any two metals lie in this list the 
greater the difference of potential they will assume, and, 
therefore, the stronger the current they will produce. 
The greater the heat applied, within certain limits, the 
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greater also will be the difference of potential. But, in 
the case of some pairs of metals, a reversal of the current 
occurs when a certain temperature is reached. With a 
couple of iron and copper the turning-point is 280° ; so 
that when heat exceeding this temperature is applied the 
current traverses the wire from the 
copper to the iron. The differences ' ~~ 

of potential assumed by any two of 
these metals are very much less than 
those existing between the elements of 
hydro-electric batteries, and, for this 
reason, thermo-electric batteries have 
come but little into practical use ; 
though with " thermo-piles," consist- ' 

ing of a number of thermo couples 
arranged in series, a considerable 
electro-motive force may be obtained j;g_ ^_ 

{Fig. 49), There is much research 
going on in this field, however, which is believed by 
many to be the most promising in electrical science. The 
advantages of getting an electric current directly from 
heat, without going through the intermediate processes of 
boiling water to produce steam, using this steam to drive 
an engine, and using this engine to turn a dynamo- 
machine, are too obvious to require detailing. 

The best way of presenting the present state of this 
art will probably be to give a brief abstract of some of 
the patents recently taken out, and of some experiments 
recently made. 

M. Brard, of La Bochelle, has made what he calls 
an "electro-generative slab," or brick, which, when sub- 
mitted to the action of heat, gives off an electric current. 
The slab, as made, is a parallelopiped about six inches 
long, two inches wide, and one inch thick, resembling, 
therefore, a brick in size and shape (Fig. 4g}4)- The slab, 
or brick, is enveloped in a sheet of asbestos-paper, from 
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which two Strips of copper or brass protrude. The slab 
is made of a prism of prepared carbon, separated from 
nitrate of potash by a sheet of asbestos. The carbon 
prism is made, it is said, by mixing coal-dust with molasses 
and tar in such a way as to form a paste, which is then sub- 
mitted to high pressure in a suitable mould, at the bot- 



torn of which has been placed a strip of brass or copper, 
which thus becomes embedded in the mass. One end of 
this strip projects, and is intended to serve as one of the 
poles. The mould is so formed that the slab is perforated 
throughout with numerous small holes, and has imprinted 
upon it a number of rectangular depressions, which are 
intended to hold the nitrate. The whole upper surface 
is then covered with a sheet of asbestos-paper, and over 
this is put a mixture composed of three parts ashes and 
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one part nitrate of potash or soda, the ashes being intend- 
ed to prevent too rapid combustion. The mixture is first 
melted, and is then poured over the brick very hot and in 
a sirupy state. A second strip of brass or copper is now 
embedded in the nitrate before it has had time to cool, 
and one end of it projects to serve as the positive pole. 
The brick is now wrapped in the sheet of asbestos-paper^ 
and if it then be put into a hot fire, and the two poles be 
joined by a conducting wire, a constant current will cir- 
culate through the wire from the nitrate pole towards the 
carbon pole, the combustion lasting, it is said, and therefore 
the current, for nearly two hours, and of a strength suffi- 
cient to ring an ordinary electric bell. As yet, however, 
accurate data in regard to its performance are wanting. 

On August 26, 1877, Paul Jablochkotf patented 
a thermo-electric battery in which fused nitrates constitut- 
ed the positive pole and carbonaceous matter the nega- 
tive, combined with a closed receiver in which the gases 
generated were gathered, the electric current being, of 
course, generated by the reaction of the nitrates upon the 
carbonaceous matter. 

On July 13, 1881, Paget Higgs patented a ther- 
mo-electric battery which consisted of a coil of wire di- 
vided into sections which have alternately a greater and 
a less degree of mechanical tension. 

On July 19, 1881, C. W. Randall patented a ther- 
mo-electric battery in which are combined a heating ap- 
paratus, which is employed also indirectly to produce a 
freezing mixture, and one or more thermo-electric ele- 
ments, which are subjected in certain parts to the heating 
effect of the heating apparatus, and in other parts to the 
freezing effect of the freezing apparatus. 

On May 24, 1882, Paget Higgs patented a ther- 
mo-electro battery in which is the combination of an ele- 
ment having its surface coated with chemically pure iron 
with one having its surface of nickel, the electro-motive 
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force being produced by the contact of the iron and the 
nickel, a number of these couples being arranged about a 
central source of heat. 

On April 24, 1883, Andrew Patterson patented 
a thermo-electric brick which is a mass of refractory ma- 
terial enveloping one or more thermo-electric couples em- 
bedded in it. This furnishes a means for using fusible 
and oxidizable materials. One claim covers the combina- 
tion with this refractory brick of an infusible and a fusible 
substance. 

On Augrust 1, 1882, Andrew Patterson patented 
a battery in which a mass of sulphuret of copper is placed 
between two blocks of copper, one of which is heated, the 
other cold. The inventor claims that the thermal current 
generated by the flow of heat across the junction will be 
assisted by the current due to chemical decomposition and 
recomposition which the sulphuret undergoes. On the 
same date he also patented a battery in which two com- 
pact masses of dissimilar thermo-electrically excitable sub- 
stances are arranged in contact in such manner that heat 
is applied directly to one, and by conduction across the 
junction to the other. Both are enclosed in an envelope 
partially surrounding them. 

On March 37, 1883, Samuel J. Wallace patent- 
ed a battery in which two electrodes, made of conglome- 
rates of coke, ores, etc., lie in chambers or cells which are 
closed at the bottom by a porous partition. The two 
cells contain an active electrolytic solution, which stands 
at a certain height less than that of the electrodes, and 
below the porous partition are passages communicating 
with the air and with hot, electro-positive gases formed 
of hydrogen and sulphurous oxide. The air-passage leads 
to the negative, the other to the positive, side of the bat- 
tery. The gases, rising through the liquid and up to the 
positive electrode, carry with them some of the hquid, so 
that the liquid comes into contact with both gases and 
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electrode. A mechanical rotar}- motion is imparted to 
the chambers containing the electrodes, which serves to 
forcibly intermix g^es, fluids, and electrode. The elec- 
tro-positive gases come into contact with the electrolytic 
fluid and the positive electrode at a temperature above 
that due to ordinary conditions, and both promote the 
motion of the electrode and assist the electro-chemical ac- 
tion. An intimate mixture of liquid and gases occurs in 
the chambers, thereby producing a large extent of triple 
contact of gas, electrode, and liquid. 

On March 13, 1883, PaulJablochkoff patented a 
battery, or pile, in which the positive element consists of 
sodium, potassium, or other metal or substance which 
oxidizes readily in .the air, and the negative element con- 
sists of an inert material of porous substance readily 
permeated by the air. The two metals are separated by 
a thin layer of porous, non-conducting fabric. The nega- 
tive element may be a plate of porous carbon, and the 
exposed surface of the positive element protected by an 
impervious coating. The battery may be kept inactive, 
when desired, by immersing it in oil or some other liquid 
not giving off oxygen, or in a vessel of hydrogen or 
other gas devoid of oxygen. It can be rendered 
active again by washing out the oil or other sol- 
vent ; and its activity may be stimulated by cover- 
ing it with a damp fabric. After the negative ele- 
ment has become completely oxidized, if an inverse 
current be passed through it the oxide will be re- 
duced to the metallic state, so that the battery can 
be used over again. Fig. 50 shows a sodium layer, 
B, between two sheets of metallic gauze or per- 
forated metal, E. The sodium, becoming oxidized by the 
action of the atmosphere, forms caustic soda, which takes 
water from the air ; the soda solution permeates the pores 
of the metal, but a large proportion unites with the nitro- 
gen of the atmosphere, forming nitrate of soda. 
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J. H. Davies patented a peculiar form of thermo- 
electric battery in 
England in ' July, 
1882. In this appa- 
ratus (Fig. 51) a 
large vessel, A, con- 
tains nitrate of pot- 
ash, which is melted 
* by heat. In the 

same vessel is hung 
a carbon stick, C, and 
'^■"' a cage, B, made of 

fine iron wire of several thicknesses. Into this cage pro- 
jccls a tube, D, which comes from a vessel, E, containing 
nitric acid, and this vessel has connected to it another 
tube, F, through which air can be forced. When air is 
thus forced through F fumes of nitric acid are carried 
into B, which pass through the interstices of the cage and 
into the melted nitrate of potash in the vessel A, The 
inventor states that the carbon and the cage B acquire 
different potentials, and that, on connecting them outside 
the vessel by a conducting wire, a current flows through 
till-, wire from the carbon to the iron cage. 

From the above it will be seen that very little of prac- 
c;il value has as yet been accomplished in the line of 
thermo-electricity, and that inventors and experimenters 
in this field are groping in the dark, without the guidance 
of very well defined or understood laws and principles. 
When we consider, however, that the combustion of zinc 
in acid is almost the only means used for generating elec- 
tric currents directly, and that there are so many cheaper 
substances which, when in connection with another, will 
alst> combine with oxygen and produce electric currents, the 
conclusion is forced upon us that here is a broad field of dis- 
covery almost untrodden, and one promising to the success- 
ful explorer results boundless in magnitude and importance- 



CHAPTER VIII. 

ELECTRO-MAGNETISM. 

Magnetic Nature of Currents. — We have seen 
I hat magnet-poles send out lines of force which act upon 
magnets and magnetic substances, and we obtained a 
graphic representation of the action of these lines of force 
by holding a magnet-pole under a sheet of glass upon 



which iron-filings had been sifted. We can obtain evi- 
dence, by a similar device, that an electric current also 
possesses magnetic power, by passing a conductor tra- 
versed by a current through a small hole bored in a simi- 
larly-prepared sheet of glass (Fig. 5 2). On lightly tapping 
the glass to overcome the inertia of the iilings they will 
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immediately set themselves in concentric circles, of which 
the conductor is the centre, thus showing clearly 
the existence of lines of force of a magnetic 
character encircling the wire (Fig. 53). A 
still more satisfactory proof may be obtained 
if we bend the conductor into the form of a 
loop (Fig. 54) and bring up a magnet-pole. In 
the interior of the loop it is clear that all the 
lines of force run parallel, so that they will all 
act together and either repel or attract a mag- 
net-pole. If, in the case represented in Fig. 54, 
we bring up a north pole the pole will be at- 
tracted, while if we bring up a south pole it 
will be repelled. A contrary condition of af- 
fairs will be produced if we coil the loop in 
, the opposite direction, as represented in Fig. 
55; for a north pole will then be repelled and 
a south pole attracted. If now we increase 
the number of coils (Fig. 56) the number of 
lines of force acting together will be increased, 
and therefore the attraction or repulsion ex- 
erted upon a magnet-pole will be increased. A series 




ot coils, or a "helix," of wire thus arranged is called a 
" solenoid." 

Electro-Magnets.^A still greater magnetic effect 
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can be produced upon the magnet-pole if we place a bar 
of soft iron within the solenoid (Fig. $?)• Soft iron af- 




fords a better conduction for magnetic lines of force than 
air does, so that many more of the circling lines of force 
are brought within the in- 
terior of the helix and run 
through the soft iron. The , 
soft iron is therefore mag- 
netized. It is scarcely nec- 
essary to remind the read- 
er that the bare wire 
should not touch the iron, because iron is a conductor of 
electricity ; and it need not be said that the separate turns 
should not touch each 
other, because the cur- 
rent always takes the 
path of least resistance, 
and would, therefore, 
simply pass from one turn to another without going 
around the spiral. If the wire used be covered with an 
insulating material both difficulties will be obviated. It 
will be remembered that soft iron has a low coercive 
force — that is, that it receives and loses magnetism readi- 
ly. It is lor this reason that, as will be seen farther on, 
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the electro-magnet has such an extended sphere of useful- 
ness. As soon as a current begins to circulate around it 
the soft iron becomes magnetic, and as soon as the cur- 
rent ceases the magnetization ceases. The magnetism is, 
therefore, completely under the control of the current. 

Positive and Negative Directions of Lines of 
Force. — The study of the action of all kinds of electro- 
magnetic apparatus is much facilitated by adopting a uni- 
form and conventional expression for the direction of lines 
of force. The positive direction of a line of force is the di- 
rection in which a free north pole tends to move ; the nega- 
tive direction of lines of force is the direction in which a 
free south pole tends to move. Obviously, then, the posi- 
tive direction of the lines of force emanating from a north 
pole is away from that pole ; while the positive direction of 
the lines of force due to a south pole is towards that pole 

(Fig. 58). Returning now 
to Fig. 54, we see that the 
positive direction of the 
lines of force within the 
loop must be down, because 
the free north pole, N, is 
attracted down ; while in 
p.^^g Fig. 55 we see that the 

positive direction of the 
lines of force must be up, because the free north pole, N, 
is repelled. Regarding now the direction of these lines 
as to the length of the conductor, we see that the positive 
direction of the lines of force encircling a conductor tra- 
versed by an electric current is in the direction of the 
hands of a watch, if we look in the direction in which the 
current is flowing. 

Ampere's Tlieory of Magrnetism. — In view of the 
strong resemblance between permanent magnets and mag- 
nets produced by encircling magnetic substances with 
electric currents, Ampere conceived the theory that the 
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molecules of magnetic substances are encircled by electric 
currents ; that, as long as no magnetizing force is exerted, 
the directions of these currents are antagonistic, so that, 
as a whole, they exert no external effect ; that magnetiza- 
tion simply produces a degree of parallelism in the inter- 
nal currents which is proportional to the strength of the 
magnetizing current ; but that the limit of magnetization is 
reached when they are made absolutely parallel. In this 
case the resultant effect of all the little currents is that of 
one current encircling the outside of the substance. Re- 
curring again to Figs. 54 and 55, we can calculate in what 
direction these imaginary currents must be. As the posi- 
tive direction of the lines of force from a north pole is 
away from the pole, we see that the imaginary electric cur- 
rent around a north pole must be in the direction of the 
hands of a watch, supposing, as before, that we are looking 
along the positive direction of the lines of force, A similar 
conclusion will be reached if 
we consider the action of a ^^^ 

•south pole, or the action of a 
loop of wire coiled in the op- 
posite direction. A magnet, 
then, may be supposed to be p. 

encircled by electric cur- 
rents which flow in the direction of the hands of a clock, 
to a person looking along the positive direction of the 
lines of force — that is, from the south towards the north 
pole (Fig. 59). 

Action of Current on Magnetic Needle. — The 
cause of the deflection of a magnet-needle by placing over 
and parallel to it a conductor carrying an electric current 
will now appear very plainly (Fig. 60). If the current 
be flowing in the direction indicated by the arrow, the 
positive direction of the lines of force on the under side 
will be towards the left of a person swimming in the currejtt 
4ind looking down at the needle. The north pole will con- 
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Fig. 6c. 



sequently be deflected in this direction, and the south 

pole in the other. 

Deflection of Con- 
ductors by Magnet- 
Poles. — Suppose, how- 
ever, the converse case to 
the above ; that is, that the 
magnet-pole is stationary 
and the conductor free to 
move. The force exerted 
between the magnet-pole, 
N, and the conductor is 
clearly the same ; therefore the conductor will be deflected 
to the left of a person swimming in the conductor and looking 
along the positive direction of the lines of force. If the 
south pole were presented instead of the north, the same 
rule would indicate the direction of deflection. This de- 
flection would, of course, be in the opposite direction ;. 
but the lines of force would run in the opposite direc- 
tion. The importance of this rule will become apparent 
when we study the action of electro-motors, in which 
conductors are rotated by the action of magnets. 

Magnetic Actions of Currents on Each Other.. 
— If we pass a current 
through a wire coiled in 
the form of a spiral the 
spiral will shorten itself. 
If we place two conduc- 
tors, carrying currents in 
the same direction, paral- 
lel to each other, they 

will attract each other ; < ^ 

but if the currents flow  > ** 

in opposite directions Fig. 6i. 

they will repel each other 

(Fig. 6i). The same result will be attained if the conduc- 
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tors converge to a common point. The reason for these 
magnetic attractions and repulsions becomes very plain 
if we bear in mind the direction of the lines of force 
encircling the conductors. In the case of two parallel 
conductors, or conductors converging to a common 
point, the little lines of force run in the same direc- 
tion and exert a mutual attraction ; while in the case 
in which the electric currents flow in opposite direc- 
tions the lines of force run in opposite directions and 
antagonize each other, A pretty illustration of the effect 
of attraction can be obtained by passing a current through 
a suspended spiral whose lower end just dips into a basin 
of mercury connected to the opposite pole of the battery. 
The current will cause the attraction of the separate 
spirals to shorten the length of whole spiral, thus drawing 
the lower end of the spiral out of the mercury. This 
will break the circuit, so that the spiral will again length- 
en itself, thus immersing its end in the mercury and re-es- 
tablishing the current. In this manner the spiral will take 
up a longitudinal vibration and jump up and down into 
and out of the mercury. 

Forms of Electro-Magnets.— So numerous are the 
uses to which electro-magnets are put that they are made 
in numberless shapes and sizes. The forms most frequently 
used are, however, those of the horseshoe magnet, the bar 
magnet, the one-coil magnet, and the helix or axial magnet. 
Most of the other forms of electro-magnets 
are combinations of these. 

The strongest and most popular form is 
that of the " horseshoe," in which the core 
is bent around into this shape, or two 
branches are united by a yoke (Fig. 63). 
The superiority of this form lies in the fact 
that both poles are thus brought side by side 
and in a position to act together. ^'^ ^■ 

After a long course of experiments and calculations 
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upon electro-magnets Count Du Moncel has determined 
some of the most favorable conditions for the construc- 
tion and operation of electro-magnets. Some of his con- 
clusions may be briefly stated here. 

The most favorable size of wire is that which renders 
the resistance of th^ electro-magnet equal to that of the 
external circuit. This presupposes that diniensions of 
core, spools, etc., are given. 

The thickness of the coils should be equal to that of 
the core. 

The total length of the core, including both arms and 
the connecting yoke, should be eleven times the diameter 
of the core. 

When, however, the circuit is long and the electric 
source of feeble energy the magnet should be long and of 
small diameter. When, on the contrary, the circuit is 
short and the current strong the core should be of large 
diameter. Up to the point of saturation the attractive 
force of an electro-magnet varies irregularly. The custo- 
mary rule is that it varies as the square of the current ; 
but this is only true for a certain point. Previous to 
reaching that point the attractive force varies much more 
rapidly than the square of the current, and subsequently 
more slowly. 

The attraction of magnets for prismatic armatures at a 
distance is greatest when they are presented flat-wise; 
but when in contact the attractive force is greatest when 
they are presented edgewise. 

The best condition of electro-magnets, relating to the 
dimensions of the different parts, is obtained when the 
two branches connecting yoke and armature are all 
equal. 

The arrangement by which an armature rotates about 
a pivot near one of the poles is better than that by which 
it is made to move parallel to the line joining the poles. 

The lateral attraction of electro-magnets whose cores 
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project beyond the helices is less forcible than in the 
direction of the axes. 

Armatures made of permanent magnets aid the attrac- 
tion only when at a distance and parallel to a line joining 
the poles. When near, permanent magnets do not ex- 
perience as strong an attraction as soft iron, for the reason 
that soft iron can have induced in it a higher magnetiza^ 
tipn than steel can attain. 

If a quick-working electro-magnet is desired the mag- 
net should be short and the armature light. 

In the case of tubular electro-magnets the thickness of 
the tubing should be from one-fourth to one-seventh of 
the diameter. 

Electric Bells. — The electric bell is a combination 
with a clapper and gong of an electro-magnet and its 
armature. As ordinarily constructed the armature is 
mounted in front of the electro-magnet on a piece of 
spring metal, which holds it at a slight distance therefrom, 
and which carries at 
its extremiiy a clapper 
arranged in convenient 
proximity to a gong, 
in such manner that, 
when the armature is 
attracted, the clapper 
strikes the gong {Fig, 
63). When we push 
an electric button in 
the room of a hotel or 
at an elevator landing 
we merely bring to- 
gether two springs . - 
connected with the cir- 
cuit of the bell and battery, so that the current is allow- 
ed to pass and magnetize the electro-magnet; thus the 
armature is attracted and the gong struck. But the 
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movement of the armature separates the two points, B 
and C, through which the current was flowing ; so that 
' the current is thus automatically broken and the armature 
allowed to spring back. But this motion brings B and 
C together again, thereby re-establishing the current, so 
that the armature is again attracted and the gong again 
struck. As long as we press the button, then, the current 
is automatically made and broken with great frequency, 
so that the gong is struck with similar frequency, and 
therefore gives out a jingling sound. An armature 
mounted in this way, so as to automatically make and 
break the circuit, is called a " vibrating armature," and 
sometimes an " automatic circuit-breaker." 



CHAPTER IX. 

INDUCTION-CURRENTS. 

It will be remembered that we found that a closed cir- 
cuit bent into a loop will attract or repel a magnet-pole. 
Faraday discovered the converse of this to be true — viz., 
that if a magnet-pole be forcibly moved towards or away 
from a closed circuit it will induce a current of electricity 
in it {Fig. 64). Faraday observed that the direction of the 



rig. 64. 

current induced was such as to oppose the motion produc- 
ing it. In other words, if he brought a north pole towards 
a coil of wire whose ends were connected, the current in- 
duced was such as to form a north pole at the end of the 
coil, while the current induced by the recession of the 



96 ELECTRICITY IN THEORY AND PRACTICE. 

north pole was such as to form a south pole. Reverse ef- 
fects were produced with a south pole, the approach of 
the south pole creating a south pole at the end of the coil^ 
and the recession of the south pole creating a north pole. 
In all the cases the current lasted only while the motion 
lasted, showing that the mechanical energy of the motion 
was the cause of the electrical energy produced, the mag- 
net-pole acting merely as the medium or vehicle. 

The knowledge which we possess that a conductor 
traversed by electricity is encircled by little lines of force 
leads us directly to the inference that the direct effect of 
the motion of a magnet-pole is to set up these encircling 
lines about the wires of the coils, and that the effect of 
these is to produce a current. As the direction of the 
current is such as to create an opposing force to the mo- 
t\on of the magnet-pole, it is clear that a certain amount 
of work must be done if the motion is persisted in. This 
mechanical work is then converted into electrical work. 
Therefore the greater the work the greater the current. 
As the resistance of the circuit and the weight of the 
magnet are constant, the electro-motive force set up in the 
coils must vary with the rapidity of the motion. 

Direction of Induced Currents. — It has been said 
that, for the sake of uniformity, the positive direction of 
lines of force is taken as away from the north pole. Bear- 
ing this m mind, we can predict in what direction currents 
will be set up in any circuit, by the approach or recession 
of any magnet-pole. 

In the case of the magnet-pole and circuit already con- 
sidered the approach of a north pole induces a north 
pole at the near end of the circuit. That is, looking along 
the positive direction of the lines of force from the north 
pole of the magnet, the induced current will clearly be in 
the direction the opposite to that in which the hands of a 
watch move. The recession of this north pole will induce 
a south pole at the near end of the coil, so that the cur- 
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rent will be, to a person looking along the positive direc- 
tion of the lines of force, in the same direction as that in 
which the hands of a watch move. By the approach of a 
north pole we evidently increase the number of lines of 
force embraced by the circuit, and by its recession we 
decrease them. We may, therefore, make the general 
rule that — 

An increase in the number of lines of force embraced by a 
circuit induces a current in the opposite direction to that in 
which the hands of a watch move, while a decrease in the 
number of lines of force induces a current in the same direc^ 
tion as that in which the hands of a watch move, the line of 
sight being in both cases along the positive direction of the 
lines of force. 

The latter is called the positive direction of a current, 
the former the negative. 

Suppose we adopt another method of altering the 
number of Unes of force embraced by a circuit by keep- 
ing the distance between the circuit and the magnet-pole 
constant, but increasing the area enclosed by the circuit. 
This we can do by using the three wires S C, C D, and 

D T (Fig. 65), upon which 

,B s we lay the conductor, A B. 

'====■ If vve now move A B to 
^^^=: the right the number of 



D ^ ^k 



lines of force embraced by 
the circuit A B C D will 
be increased, while if we move it to the left the number 
will be decreased. In the former case the induced cur- 
rent will be that shown by the arrow ; in the latter case 
that shown by the dotted arrow. From this we are led 
to the following modification of Ampere's rule : 

Suppose a man swimming in a conductor to look along the 
positive direction of the lines of force ; then if the conductor be 
moved towards his right hand he will be swimming with the 
current induced by this motion. 
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Unit Electro-motive Force of Induced Cni> 
rents. — We have seen that the electro-motive force of an 
induced current varies with the rapidity of motion of a 
given magnet-pole, and we have also seen that the num- 
ber of lines of force added varies in the same ratio. If 
a magnet-pole with a strength of two be moved with unit 
velocity, twice as much work will have to be done as if a 
pole with a strength of one be moved with the same ve- 



locity. To get an expression for unit electro-motive force 
it is necessary to decrease the number of lines of force at 
unit rate. In Fig. 65 let the conductor, A B, be made one 
centimetre long, and m'oved to the left at unit rate and in a 
field of unit intensity ; the lines of force will then decrease at 
unit rate, and a positive current of unit electro-motive force will 
be induced. This unit E.M.F, is, of course, in C.G.S. units- 
Induction of Currents by Currents.— As the in- 
duction bf currents is due to the increase and decrease of 
lines of force, it is clear that we can use solenoids or elec- 
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tro-iiiagnets through which currents are passing, instead 
of magnets (Fig. 66). 

For the same reason we can induce currents in a coil 
of wire by opening and closing the circuit in a contiguous 
coil, or by decreasing or increasing its strength (Fig. 67). 



Fig. 6,. 

The current induced on closing or increasing the induc- 
ing current is an inverse current; that induced on break- 
ing or decreasing the inducing current is a direct current, 
the latter being in the same direction as the inducing cur- 
rent, the former in the opposite direction. 

Inductioii-Coils. — These are devices for producing 
■currents of high electro-motive force in one circuit by 
rapidly making and breaking the .circuit in a contiguous 
circuit. In induction-coils, as usually constructed, a coil 
of coarse wire connected with a batter}- is surrounded by 
a long coil of fine wire, the wire in each coil being, of 
course, insulated. When now the current in the coarse 
or " primary " coil is made and broken, or increased and 
decreased, induced currents in alternate directions circu- 
late through the fine wire, or " secondary' coil." 

Extra Currents ; Self-induction. — If two coils be- 
long to the same circuit the inductive effect of each upon 
the other will be the same as if they belong to different 
circuits. If, therefore, a current is sent through two par- 
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allel, or nearly parallel, coils of wire, the inductive effect 
of each, when the current is made, will be to induce an in- 
verse current in the other. In the case of a large number 
of coils they will all act upon each other; so that the in- 
ductive effect will be greater the greater the number of 
coils. The effect of the inverse current thus induced in 
each coil is to check momentarily the rise of the current 
to its full strength. 

If the coils be wrapped about a bar of soft iron, as is 
the case with an electro-magnet, the inductive action will 
be increased, because the magnetism created in the bar 
will increase the number of lines of force in each coil, and 
therefore increase the inductive power of that coil. 

When, on the other hand, the current in the wire 
is broken the inductive effect of the coils on each other 
will be to set up a direct current. This effect is also in- 
creased by having a large number of coils and winding 
them around a bar of soft iron. The effect of this extra 
current is, therefore, to momentarily increase the strength 
of the current just as it is broken. The extra current on 
breaking is sometimes of such electro-motive force that a 
spark jumps across the interval, and if a person be hold- 
ing the ends of the conductor he will experience a sharp 
shock. These self-induction currents are of the greatest 
importance in telegraphy and electric machinery. Extra 
currents are found on opening and closing the circuit in 
straight wires when they are long, but they are not so in- 
tense as when the wires are wound in coils. 

fiuhmkorft's Coil. — The most striking exhibition of 
induction-currents can be obtained from a Ruhmkorff 
coil. This consists of a primary coil of coarse wire wrap- 
ped about an iron core consisting of a bundle of wires, 
and surrounded by a secondary coil consisting of many 
turns of very fine wire. The primary coils are coarse, in 
order that they may carry very strong currents, and thus 
develop a large number of lines of force ; and the core is. 
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made of iron to increase this number. The reason for 
making the core of wires instead of making it solid is be- 
cause a solid core is not magnetized and demagnetized as 
readily as one made of small pieces. In the circuit of the 
primary coil is an " interrupter," or automatic circuit- 
breaker, somewhat similar to that shown in Fig. 63, by 
which the circuit is rapidly made and broken. With deli- 
cately-constructed apparatus this can be accomplished 
many hundred times per second. Each time that the cir- 



cuit in the primary coil is made an inverse current circu- 
lates in the secondary coils ; and each time that the cur- 
rent is broken a direct current circulates. The latter in- 
duced current is the stronger of the two, for the reason 
that the current in the primary, on making the circuit, is 
retarded by the extra current, while that on closing is in- 
creased by the extra current. To render this inequalifj' 
as great as possible a condenser is placed in the primary 
circuit. Whenever now the primary current is broken 
the extra current flows into it instead of jumping across 
the gap; and each time -the current is again made this 



I02 ELECTRICITY IN THEORY AND PRACTICE. 

stored-up electricity, which acts in a contrary direction to 
the current from the battery, adds to the effect of the 
extra current and weakens still more the strength of the 
primary current. When the two ends of the secondary 
wires are drawn apart the high electro-motive force of the 
induced currents will send a brilliant cascade of sparks 
across the interval. The length of the interval across 



which the sparks can jump depends, of course, on the 
electro-motive force; and this, in turn, depends upon the 
strength of the primary current and the length of the fine 
wire of the secondary coil. Fig. 68 shows a mercury cir- 
cuit-breaker at M, and Fig. 69 a mechanical circuit-break- 
er, by which the rapidity of the breaks is under the con- 
trol oi the operator, who turns the small crank shown at 
the right. On the left of Figure 69 is shown the luminous 
effects of the discharge in an exhausted glass vessel. 
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The induction-coil at the Stevens Institute at Hobo- 
ken, N. J., is said to have a secondary coil whose wire is 
fifty miles long. With three large bichromate cells sparks 
twenty-one inches long have been obtained. Mr. Spottis- 
woode*s induction-coil is said to yield sparks forty-two 
inches long when worked by thirty Grove cells. The re- 
sistance of the secondary coil is about one hundred thou- 
sand ohms, and its length two hundred and eighty miles. 



CHAPTER X. 



ELECTRICAL MEASUREMENTS. 



Galvanometers. — If we hold above and parallel to a 
compass-needle a wire through which a current is flow- 
ing, the needle will be deflected, as we have seen, in a di- 
rection and to an extent depending upon the strength and 
direction of the current. The direction of deflection, it 
will be remembered, can be predicted, if we bear in mind 
the following rule : 

Suppose a man to be swimming with the current in the 
wire, and to be looking at the needle ; then the north pole will 
be deflected towards his left. 

Clearly, if we now bend the wire around the needle 

(Fig. 70), so that the current will run 
under it in the opposite direction, the 
left of the man still looking at the 
needle will be in the same direction, so 
that the effect of the lower turn will 
be added to that of the upper one. If 
we now pass the wire a second time 
over the needle the deflecting force 
will be still farther increased ; so that 
if we keep winding a conductor round 
and round a compass-needle in the manner indicated in 
Fig. 71, we shall keep on increasing the deflecting force. 
Suppose that we then hang to the first needle a second 
one, pointing in the opposite direction (Fig. y2\ This 
needle will weaken the force with which the first is held 
in the magnetic meridian ; and if the wire runs below the 




Fig 70 
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first needle and above the second needle, as shown in Fig. 
72, the system will be very sensitive and will indicate the 




Fig. jt 



Fig. 7 



passage of very feeble currents. Such a system is said to 
be " astatic," 

An apparatus consisting of a magnetized needle or a 
pair of astatic needles, around one of which is coiled a 
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number of turns of wire, and which carries a dial where- 
on is indicated the angle of deflection of the needle, is 
■called a "galvanometer" (Fig. 73). The relation of the 
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Strength of current to the angle of deflection is deduced 
as follows : 

Let N S (Fig. 74) represent the magnetic meridian and 
N' O S' a magnetic needle. Suppose it to be deflected to 
the position shown through the angle N O N'. The 
needle is now clearly acted upon by a " couple/' which 
strives to pull each end back into the meridian, the 
strength of the couple being the product of the magnetic 
force at each end into the distance between them. Now, 
the force at each end is clearly the product of the earth's 
magnetic force into the strength of the pole. Represent- 
ing this force by A, we have as the power of the couple 

A XBC. 

But EC is twice the sine of the angle N O N'. Thus we 
see that the force pulling a magnetic needle back into the 
meridian varies as the sine of the angle between the Jieedle and 
the meridian. 

The Sine Galvanometer. — Upon this principle is 
based the "sine galvanometer." In this instrument the 
coils are supported on a vertical pivot. After the original 
deflection has been given the needle it will lie at such an 
angle to the coils as to be no longer influenced to the 
same extent as formerly, because the lines of force of the 
coils no longer act at right angles to the needle. The 
coils are then turned on the vertical pivot until they lie 
directly above the needle, when a greater deflection ensues. 
The coils are again moved, and ultimately a position of 
equilibrium is attained, the coils being directly over the 
needle, and holding it against the directive force of the 
earth. Then the sine of the angle through which the coils 
have been turned is^ on the above principle^ proportional to the 
strength of the current, A graduated circle is arranged below 
the vertical ring carrying the coils, from which can be read 
the angle through which the ring is turned. The rela- 
tive strengths of two currents can therefore be ascertained 



ELECTRICAL MEASUREMENTS. IO7 

by discharging them both through the same sine galvano- 
meter and noting the angles of deflection produced by each. 

The Tangent Galvanometer (Fig. 75). — The tan- 
gent galvanometer is so 
constructed that its coils do 
not have to be rotated, and 
the strength of a current 
traversing it is reckoned, 
not from the sine of the 
angle of deflection pro- 
duced, but from its tan- 
gent. 

-Principle of the 
Tangent Galvanome- 
ter. — As we have already 
seen, the magnetic force 
pulling a deflected needle 
back into the meridian is 
proportional to the sine of ^'^' "" 

the angle through which the needle is deflected. In the 
case of a tangent galvanometer the deflecting force 
which opposes the magnetic force of the earth is perpen- 
dicular to the meridian, because the coils He in the meri- 
dian. In other words, the couple produced by this force 
is equal to the couple produced by the magnetic force of 
the earth after the needle has been deflected to an angle 
at which equihbrium is established. 

Therefore (see Fig. 74). letting A = the earth's mag- 
netic force upon the needle, and A' that of the coils, 
A X BC = A' X DE', or 
A X BO =■ A' X DO ; 

therefore A' -= A X f^ 

But ^ - tan. NGN'; therefore 

A' - A tan. NON'. 
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Tlurefore the tangent of the angle of deflection of a mag- 
netic needle is proportional io the deflecting force acting at 
right angles to the meridian, and therefore to the current in 
the coils. 

In order that the deflecting force of the current upon 
the needle may remain at a constant value, regardless 
of the angle of deflection, it is necessary that the coils 
should occupy such a position that the needle does not 
move appreciably outside of their plane. This is accom- 
plished by making the coils very large and the needle 
relatively very small. In practice the coils usually con- 
sist of a few turns of very coarse copper wire. To avoid 
the necessity of referring to a table of tangents the scale 
is sometimes graduated so as to indicate the tangent of 
the angle of deflection, as shown in Fig. 76 : 



Differential Q-alvanometers. — In a differential 

galvanometer the needle is encircled by two separate and 
equal coils wound in opposite directions, so that if two 
equal currents pass each neutralizes the effect of the 
other upon the needle. In case, however, one current is 
stronger than the other, it deflects the needle in the same 
direction, though not to the same extent that it would did 
the other current not exist. As usually constructed the 
current, on entering the instrument, divides between the 
two coils, whose resistances are adjustable. Its use will 
be indicated farther on. 

Sir Wm. Thomson's Mirror Stalvanometer 
(Fig. yf). — This instrument is so delicate as to indicate 
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the existence and direction of currents much too feeble 
to affect the ordinary instruments, and is used to receive 
the signals sent through submarine cables. The needle 
is a very small magnet made of steel watch-spring, and is 
attached to a light concave mirror. The whole is sus- 
pended within the coils by a fibre of silk. Above the in- 
strument is a curved magnet, so placed as to modify the 




eflfect upon the needle of the earth's magnetic force, A 
graduated scale stands opposite the galvanometer, and in 
this scale is cut a slit, through which pass the rays from a 
lamp placed behind it. The scale, lamp, and galvanome- 
ter are so placed that the rays of light fall upon the mir- 
ror, and are reflected back as a spot of light upon the 
zero-mark of the scale, which lies in the focus of the mir- 
ror. The feeblest imaginable current will be indicated 
by the motion of the spot of light in one direction or the 
other on the scale. 

Marine Oalvanometer. — A modification of this in- 
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strument, called the " marine galvanometer," is used on 
board ships employed in laying sub- 
marine cables. It is so constructed 
that neither the motion of the vessel 
nor any change of its course can alter 
rjkj the position of the spot of light on the 
\r scale. This is accomplished by attach- 
ing the magnet, m. Fig. 78, by a fibre 
to both the top and the bottom of the 
frame, C, the fibre passing exactly 
through the centre of gravity of both 
the needle and the mirror. The influ- 
ence of terrestrial magnetism is neutral- 
ized by surrounding the coils with a 
^ permanent magnet, N S, whose influ- 
^ ence on the needle overwhelms that of 
the earth. 

Ballistic GalTanometer. — This 
is a galvanometer with a long and 
heavy needle which requires a long 
time to swing, and is used to measure 
currents which last for so short a time 
that ordinary galvanometers cannot in- 
dicate them. In the ballistic galvano- 
meter the effect of an instantaneous 
current (the discharge of a condenser, 
for instance) is delivered 
like a blow upon the needle, 
so that the force of the 
blow, or the quantity of elec- 
tricity that passes through 
the coils in the instant, is 
proportional to the sine of 
half the angle of the first 
swing, in accordance with 
the law governing the swing of a pendulum when struck. 
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Ampere Meters, or Ammeters. — To measure the 
powerful currents used in electric lighting galvanometers 
as delicate as those hitherto described would not be suit- 
able, so that special instruments have had to be devised. 
In most of these the directive force of the earth, not be- 
ing sufficiently great, has been replaced by that of power- 
ful magnets, and the needles are made exceedingly light. 
By these means oscillations of the needle are prevented 



Kig. 79. 

and the instruments made very dead-beat, so that the in- 
dications, even for very strong currents, may be read with 
ease. In most of them the instrument is so constructed, 
and the graduation is so made, that the angles of deflection, 
and not their tangents, are proportional to the strength of 
the currents. This is accomplished in various ways, as 
will be seen. As a representative of a practical type of 
ammeter, that of M. Marcel Deprez may be described. 

The Deprez Ammeter. — In this instrument (Figs. 
79 and 80) the magnetic field is produced by a power- 
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fill horseshoe magnet, and acts upon a " needle " in the 
shape of a wide, flat blade, cut into teeth, as shown. This 
needle, or blade, lies in fine bearings, and has upon its 
axis a large w'leel, B, communicating by a little strap 
with a smaller wheel, C, carrying a light pointer, so that 
any oscillation of the blade is multiplied and indicated by 
the pointer. The needle, when at rest, lies in a horizontal 
plane, and a counterweight, D, on its under side steadies 
it. Around and inside the horseshoe magnet are two sep- 
arate coils, one being of coarse wire and intended for 
strong currents, the other of fine wire and intended for 



feeble currents. The deflections of the needle are usually 
multipHed by five by the belting, so that a deflection of 
the needle of five degrees is indicated by a deflection of 
twenty-five degrees of the pointer. As the tangents of 
small angles are very nearly proportional to the angles 
themselves, the indications of the pointer as high as fifty 
degrees may be considered, for practical purposes, pro- 
portional to the strength of current. Upon the front of 
the apparatus are three pairs of binding-posts, marked 
A, B,and C. The pair marked A communicate with the 
posts B, and are connected with the fine-wire coils. The 
terminals, C, connect with the coarse coils, which can be 
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short-circuited by a wire, W, if the whole current would 
be dangerous to the instrument. The dial indicates both 
volts and amperes, so that it can be used either as a " volt- 
meter," to measure the electro-motive force between twa 
points, or as an ampere meter. 

The way in which the graduation is effected for elec- 
tro-motive force is as follows : Suppose we wish that one 
volt shall be indicated by a deflection of one degree. The 
current from a standard cell whose electro-motive force 
is constant, and whose internal resistance is small as com- 
pared with that of the fine-wire coil, is passed through 
this fine-wire coil, and resistances are then introduced 
until the pointer stands opposite the number of degrees 
upon the scale which equals the number of volts of elec- 
tro-motive force of the cell. The deflection is, of course, 
proportional to the strength of current traversing the 
coils, but, at the same time, it is also practically propor- 
tional to the electro-motive force between the terminals oi 
the cell ; because, as the internal resistance of the cell is in- 

E 
significant, the strength of current (C = — ) is, for practi- 

cal purposes, equal to the electro-motive force of the cell 
divided by the resistance of the fine wire, including the re- 
sistance we have added to it, so that we may consider the 
difference of potential between the binding-posts as that 
of the cell. The deflection obtained for this difference ol 
potential or electro-motive force gives at once a basis for 
graduating. Consequently, if we afterwards pass any 
other current through the fine wire (adjusted to the re- 
sistance used in the above experiment) the number of de-r 
grees of deflection of the pointer will be the difference of 
potential between the points of the conductor attached 
to the terminals B. 

To graduate for strength of current we pass through 
the large coil the current from a number of cells, so as to 
produce a pretty large deflection, and at the same time 
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we introduce a resistance such as to make the resistance 

of the circuit inside the instrument equal to one ohm. As 

K 
C = -— , and as R = i, then the strength of current pass- 

R. 

ing is equal to the difference of potential between the 
binding-posts. This difference of potential we can ascer- 
tain by attaching wires from them to the posts of another 
galvanometer, or voltmeter, previously graduated by the 
method just described. Ascertaining in this way the 
strength in amperes, we can mark opposite the deflected 
pointer the number indicating this, which gives at once 
the basis for graduating. If desired, however, we may 
modify this basis of graduation so that it shall correspond 
with that of the fine-wire coil. To do this we insert be- 
tween the binding-posts the loop of coarse wire, W» As 
some of the current goes through this, the strength of cur- 
rent in the coarse coils will decrease and the pointer indi- 
cate a smaller deflection. To brmg the pointer to the de- 
sired point on the scale we can change the size of wire, W, 
•or insert it more or less deeply in the binding-posts, so as 
to increase or decrease the amount of current in the coarse 
coils, and the consequent deflection. 

Ayrton and Perry's Ammeter and Voltmeter. 
— Another instrument which can be used as either an am- 
meter or a voltmeter is that invented by Professors Ayr- 
ton and Perry. In this ten coils encircling the needle 
are connected to a commutator, N (Fig. 8i). By turning 
this commutator in one direction or the other the coils 
can be connected either in series or parallel. In the for- 
mer case there will be ten times as many turns around the 
needle as in the latter case, and consequently any current 
will deflect the needle ten times as much ; for the resist- 
ance of the coils is so small that whether they are in 
series or parallel does not sensibly affect the strength of 
current. 

To graduate (or calibrate) the dial turn the commuta- 
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tor to series and send through the coils the current from 
a standard cell of constant E. M. F. Now take out the plug 
Y, thus adding a resistance of one ohm. Let the first de- 
flection be A, the second A'. Then A : A' = i -\- a;:x, 



when X = the resistance of cell, leading wires, and instru- 
ment; then 

Ax = A'+A>, (A — A> = A', 

Therefore the deflection A corresponds to a current 
E 



therefore, to a current 10 E - "~ A when the coils are 

A' 
parallel. These give us at once a basis of graduation for 
both cases. 

Usually, when strong currents are to be measured, the 
coils are placed parallel, and when feeble currents are to 
be measured, in series ; because it is not well to subject a 
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magnetic needle to too powerful magnetic influences, and 
feeble currents passing through the parallel coils could 
not exert a sufficiently strong deflecting force on the 
needle. 

To make it impossible to pass a very powerful current^ 
like an electric-light current, through the coils when in 
series, the binding-screws P P are not connected with 
them, except when the commutator is turned to parallel. 
The screws S S, on the other hand, are not in their circuity 
except when the commutator is turned to series. Ayrton 
and Perry's voltmeter is constructed on nearly the same 
principle. To calibrate this the commutator is turned to 
parallel and a current sent through from a standard celL 
Let the resistance of each coil be lo ^/ then the resistance 
of all in series will be loo ^, and that of all in parallel will 
be a. The instrument bears a plug in the parallel circuit, 
short-circuiting a resistance-coil of this resistance a. Sup- 
pose the first deflection to be A. Now take out the plug, 
introducing the resistance a, and suppose the new deflec- 
tion to be A'. Let x = resistance of instrument, wires, and 
cell; then, 

A : A' = ^ -|- ;r : ;r, 

A' {a-!rx) = Ax, (A - A')x = Ka, 

Ka 

^ = a-=:a'- 

Therefore the deflection A was produced by a current 

E 



Ka = 



A -A' 



E(A-A1 
A'a 



Now, as the resistance of the instrument with the coils m 
parallel is a, and as E = CR, the difference of potential 
between the binding-posts for the deflection A must have 

been 

E(A-A') E(A-A') 

Ka ^'*- A' ' 
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and therefore as in series the resistance is loo a {a being 
much larger in this instrument than in the preceding), but 
the number of turns is multipUed by lo, the difference of 
potential would be, for a deflection A, 
loE(A-A') 
A' 
which give a basis for graduation for both cases. 

Spring Ammeter and Voltmeter. — As every 



steel magnet loses more or less magnetism in time, and as 
the indications depend upon the relative directive forces 
of the magnet and the currents, it is clear that such a loss 
must introduce elements of inaccuracy. To overcome 
this trouble Professors Ayrton and Perry have devised c 
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spring ammeter and voltmeter, in which the directive 
force of the horseshoe magnet is replaced by that of a 
spring, against which the current exerts its deflecting 
power. Fig. 82 represents a spring ammeter, the spring 
being represented by the spiral, A. The needle is so in- 
clined to the direction of the coils that its angles of deflec- 
tion as high as forty-five degrees are, for practical pur- 
poses, proportional to the strength of the current. The 
instrument can be so regulated by turning the spring 
through a certain angle, for which there is a scale en- 
graved on the dial beneath it, that the needle will not 
start from zero until the strength of the current in the 
ammeter, or its E. M. F. in the voltmeter, has passed a 
predetermined point. Thus the instrument can be given 
different degrees of sensibility. If, for instance, we wish 
to measure a current which we know to be greater than 
twenty-five amperes, we set the spring so that the needle 
will not leave zero until a strength of twenty-five amperes 
has been reached. Now, if the needle started from zero 
with a very feeble current, we should have only, say, one 
division to indicate a difference of one ampfere. But if 
it does not start unless a strength of twenty-five amperes 
is attained, then the whole succeeding angle of forty-five 
degrees can be used to indicate an increase of, say, ten 
amperes beyond the twenty-five,*or four and a half per 
ampere, by decreasing the tension of the spring. In other 
words, we can thus increase the sensibility four and a half 
times. 

Wheel and Pinion Ammeter and Voltmeter. 
— Where still greater sensibility is needed a multiplying 
arrangement is connected with the needle. This is very 
similar to that used in aneroid barometers. A sector of a 
wheel with very fine teeth is attached to the arbor of the 
needle (Fig. 83), and gears into a pinion having a much 
smaller radius, to which pinion is attached a long pointer. 
. If the ratios of the radii are ten to one, the deflection of 
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the needle will be multiplied by ten ; so that if we have 
an ammeter in which the deflections of the needle as high 
as thirty-six degrees are proportional to the strength of 
current, the pointer will have the whole circumference of 
the dial upon which to give its indications. 



Voltameters.— It will be remembered that, in speak- 
ing of batteries, we lound that galvanic currents were 
weakened by the opposing force of polarization, due pri- 
marily to the electrolyzing action of the current upon the 
solution. The decomposing power ol the current can be 
used to measure its strength and quantity, and the instru- 
ment for so measuring it is called a "voltameter." A 
voltameter, it must be noticed, however, is different from 
a galvanometer, not only in the principle of its action, but 
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in the thing indicated ; for a galvanometer gives an in- 
stantaneous indication of the strength of a current — -that 
is, of the number of units of current passing per second — 
while a voltameter adds up all the units of current that 
pass during any interval, and registers their sum. If de- 
sired the average strength of current during the interva' 
can then be calculated by dividing the number of units by 
the number of seconds. 

A simple voltameter can be made as shown in Fig. 84, 
in which a bent 
tube leads from 
the jar contain- 
ing the two elec- 
trodes into a gra- 
duated inverted 
tube filled with 
water. When 
the circuit is 
closed the oxy- 
gen and hvdro- 

Fig. 8,. ^ , /  

gen evolved rise 
in this tube, and their amount is indicated by the scale. 
Knowing the amount of the two gases {.176 cubic centi- 
metres) liberated by one coulomb, we can thus ascertain 
the number of coulombs which have passed. 

Zinc Voltameters.— If we place two electrodes of 
zinc in a solution of sulphate of zinc, and send a current 
between them, zinc will be added to the cathode and sub- 
tracted from the anode. Knowing that one coulomb de- 
posits .C003412 grammes of zinc, we can, by measuring 
the amount by which one of the electrodes gains or loses 
weight, calculate directly the number of coulombs which 
have passed. 

Measarement of Electrical Besistance. — 
I. Knowing from Ohm's law that the strength of current 
in a circuit is inversely proportional to the resistance, we 
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can measure the resistance of any conductor in the follow- 
ing way : Put the conductor in circuit with a battery 
and a galvanometer, and note the deflection of the pomt- 
er. Then remove the conductor, and substitute in its 
place wires whose resistances are known, until one is 
found through which the battery produces the same de- 
flection as through the other. The resistance of this wire 
must clearly be equal to that of the conductor. 

2. If a tangent or a sine galvanometer is used it will 
not be necessary to find a wire through which the bat- 
tery will produce the same deflection; because as the tan- 
gents (or sines, as the case may be) of angles of deflection 
are proportional to the strength of current, and as the 
strength is inversely proportional to the resistance, 

tan. a : tan. a' ^= r' : r, 

tan. a'X r' 
r = — ; 

tan. a 
or, sin. a : sin. a' =^ r : r, 

sin. a' X ^' 



r = 



sin. a 



in which r is the resistance sought, and r* the resistance 
known. 

3. With a differential galvanometer the operation is 
simplified. In using this instrument it is only necessary 
to insert the unknown resistance in the circuit of one coil, 
and a number of known resistances in the circuit of the 
other. As the coils are similar in all respects, the needle 
will obey the stronger current — i.c, that in the branch con- 
taining the least resistance. Insert now known resist- 
ances until the needle gives no deflection when the circuit- 
closing key IS pressed. The currents in both coils must 
now be equal ; in other words, the resistances in both 
branches must be equal, so that the resistance sought is 
equal to the known resistance introduced. 
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Wheatstone's Bridge. — Another and still more ac- 
curate method is Wheatstone*s bridge method. 

It will be remembered that the cause of the movement 
of electricity through a conductor is the difference of po- 
tential at different parts of the conductor, which causes 
an electro-motive force — i,i\y a force tending to move elec- 
tricity against the resistances of the conductor. Now, as 
it requires a difference of potential to enable an electric 
current to overcome resistance, it follows that it requires 
more difference of potential to overcome a great resist- 
ance than a smalKone in any circuit. Therefore, if we 
have a conductor made up of materials which differ in 
conductivity, or if it is made of different thicknesses, or if 
it is divided into sections of varying length, there will be 
a greater fall of potential between points separated by a 
great resistance than between points separated by a small 
resistance. In a wire of uniform material and section^ 
however, the fall of potential will be uniform. By using 
an electrometer like that of Sir William Thomson, and 
testing the potentials of different points along the wire^ 
the phenomenon of fall of potential can be conveniently 
observed. 

The equality of the fall of potential over equal resist- 
ances is the princi- 
ple of Wheatstone's 
bridge. Suppose 
that the current of 
the battery, E, di- 
vides at I into two 
branches, as repre- 
sented in Fig. 8s,. 
which reunite at 2. 
Then the fall of po- 
tential between i 
and 2 will bear the same ratio to the electro-motive force 
of the battery that the jomt resistance of the two branches 
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1^3 



bears to the resistance of the whole circuit. But as i 
and 2 have each a certain definite potential, the fall of po- 
tential along I, 4, 2 is exactly as great as that along 1,3, 2^ 
no matter what are their respective resistances ; so that 
if 4 and 3 are so placed that the resistance A has the same 
ratio to B that C has to D, their potentials will be equal, 
so that if they are joined by a conductor, or " bridge/' 
3, 4, no current will pass between them. If, however, they 
are not so placed — that is, if the resistances in the arms do 
not bear the ratio indicated — then the points 3 and 4 will 
not have the same potential, so that if joined by a conduc- 
tor, or " bridge,** including a galvanometer, a current will 
pass from the one having the higher potential, and will be 
indicated by a deflection of the galvanometer. 

A convenient form of Wheatstone*s bridge is con- 
structed by making the arms A and C of equal resistance, 
placing an adjustable resistance in D and the resistance to 




Fig. 86. 



be measured in B. The resistance in D is then adjusted 
until the galvanometer gives no deflection, whether the 
circuit-closing key is pressed or not, when the resistance 
sought must be equal to the known resistance introduced 
inD. 
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In case the resistances in A and C are not equal, but 
have the ratio -^ = ^r then, when the galvanometer shows 

no deflection, _ = «, therefore B = — The resistances 

in A and C are usually made adjustable, also, by means of 
resistance-coils, so as to give greater flexibility and scope 
to the instrument (Fig. 86). 

Rheostats, or KesiBtance-Coils. — A rheostat con- 
sists of a number of coils of wire the resistances of which 
have been carefully determined. The coils are usually 
made of German silver, because the heating effect of the 
current upon German silver 
does not alter its resistance. 
They are usually wound double, 
as shown in Fig. 87, in order 
that each length may neutralize 
the effects in the other of extra 
currents on making and break- 
ing the circuit. The wires are, 
of course, insulated ; for other- 
wise the turns where the}' cross would furnish short cir- 
cuits for the current. Each end of each coil is soldered 
to a metal piece, the metal pieces A, B, C, etc., being 
separated by air-spaces, which can be filled with brass 
plugs, D, E, etc., so as to short-circuit or bridge over the 
resistance-coils. The 
resistance of each 
coil is marked on 
the top of the re- 
sistance - box (Fig. 
88), so that by taking 
out any plug the re- 
sistance marked op- 
posite to that plug is ''*■ *'■ 
introduced into the circuit. Ordinarily the coils are so ar- 
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ranged that any resistance from one-tenth ohm to ten thou- 
sand ohms may be introduced. Fig. 86 shows a Wheat- 
stone bridge with a rheostat in each arm, except in B, in 
which the resistance to be measured is placed. As, when 

equilibrium occurs, _ = _ , we can obtain indications of 

fractional resistances by suitably adjusting the resistances 
in A and C. Suppose, for instance, that we know the 
resistance sought to be very small, but do not know ex- 
actly how small it is. We can make the resistance of C 
one thousand ohms and that of A ten ohms. Suppose 
that after inserting the unknown resistance the needle 
gave no deflection when we had introduced a resistance 
of one hundred and twenty-five ohms in D. Then, 

C o D 125 

W = -^ = 100, B — =: ^ = 1.25. 

A 100 100 

Battery Measurements ; Internal Resist ance» 

— I. To measure the internal resistance of a battery put the 
battery in the arm B of a Wheatstone bridge, and put a 
key in the circuit where the battery was. Adjust the re- 
sistances in the arms until the deflection of the galvano- 
meter is the same when the key is depressed as when it is 
open. Then the battery resistance is balanced by that of 
the other arms. In this case, it will be noticed, we do not 
look for a zero deflection, because the point 3, nearer to 
the positive pole, must be at a higher potential than 4. 
The effect of depressing the key is merely to reduce the 
resistance of the circuit from 2 to i, and therefore to raise 
the potential of i and therefore of 4. But if the resist- 
ances in the four arms balance, the potential of 3 is raised 
as much as that of 4, so that the deflection of the galva- 
nometer is not altered. 

2. Another way is to put two equal cells in the arm of 
a bridge, united so that their currents flow in opposite 
directions and thus neutralize each other. Their added 
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resistances may now be measured undisturbed by the ef- 
fects of their currents, just as is the resistance of a con- 
ductor, and then halved to give the resistance of one. If 
we join the cells in the manner named it is clear that, if 
desired, we can measure their resistance in other ways 
than by using a Wheatstone bridge. 

Measurement of Electro-motive Force. — To 
measure the electro-motive force of a battery the best way 
is to compare it with that of a cell whose electro-motive 
force is known. A Daniell cell whose E. M. F. is 1.079, 
and which is quite constant, is ordinarily used. 

1. Leave the circuit of the cell open, and measure the 
difference of potential of the two poles by Sir William 
Thomson's quadrant electrometer. Multiply the number 
indicating the difference of potential by 2.93 X 10*®, and 
divide by 10'. The multiplication reduces the indication 
from electro-static to electro-magnetic units, and the divi- 
sion reduces the electro-magnetic units to practical units. 

2. Another way is to join the standard cell with a gal- 
vanometer and note the deflection. Suppose it is a de- 
grees. Now introduce a resistance r and note the deflec- 
tion—say b degrees. Then substitute the battery whose 
E. M. F. we wish to find, and introduce a resistance until 
the deflection a is reproduced, and then ajdd a resistance r' 
until the deflection b degrees is reproduced. Then, since 
the resistance r with an electro-motive force E has caused 
the same deflection {a — t) as the resistance r' with an 
electro-motive force E', 

F F' Fr' 

__._,, therefore E' = — . 
r r r 

Measurement of Capacity. — For many purposes 
of telegraphy it is necessary to know the capacity of a 
condenser — that is, the number of units of electricity 
which it can hold before being raised to a potential of 
one. The measurement is usually effected by comparing 
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the capacity of the given condenser with that of a stand- 
ard condenser whose capacity is known. This may be 
done in several ways : 

1. Charge the two condensers to the same differences 
of potential, and then discharge each in succession through 
a ballistic galvanometer, noting the deflection caused by 
each. Then, as the force of the blow is proportional to 
the sine of half the angle of the first swing, and as the two 
condensers are at the same potential, their charges, and 
therefore their capacities, are proportional also to the sine 
of half the angle of the first swing in each case. 

2. Put the two condensers in two branches connected 
with the same pole of the same battery, and adjust resist- 
ances in those branches until the potentials in the two 
condensers advance at equal rates. Then the capacities 
must be inversely as these resistances, because they are 
directly as the currents. 

3. Charge the condenser to a certain potential, // con- 
nect it with a standard condenser, so that it will share 
with it some of its charge. Measure the resulting poten- 
tial, /'. Let a = capacity of the standard condenser, and 
X that of the condenser whose capacity is to be found. 
Then a -{- x == their joint capacity. Let p = first poten- 
tial and /'the second. Then, as the number of units of 
electricity is equal to the capacity multiplied by the po- 
tential, 

;r X/ = (^ + ;r)/, 
^ (/ - /) = ^/, 
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CHAPTER XI. 

TELEGRAPHY, 

Telegraphy may be defined as the art of producing 
signals at a distant point by means of the action of an elec- 
tric current upon electro-magnetic apparatus. At the 
sending station a liey of the general form shown in Fig. 
89 is placed, which, when depressed, closes the circuit and 



Fig. 89. 

allows the electric current to pass to the electro-magnet 
at the receiving station. This electro-magnet, being thus 
magnetized, attracts its soft-iron armature, which strikes 
it sharply, thereby producing a very audible " click." 
Each letter of the alphabet is made by opening and clos- 
ing the circuit a certain number of times and for periods 
of varying duration ; and, as the armature of the electro- 
magnet responds to the motions of the key, a practised 
ear can detect, from the duration and succession of the 
clicks, each letter as it is made. In this country the fol- 
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lowing alphabet of Prof. Morse is used, a dot being pro- 
duced by closing the circuit for a short interval, and the 
dash by closing it for a more protracted interval : 

I. Alphabet. 

A _ O .. 

B " , P — 

C ... Q 

D R .- 

E . S _ 

F _ T _ 

G U 

H V ..^ 

I „ W 

K ZZ" Y .72 

L — Z - — 

M & - — 

N — 

II. Numerals. 

2 7 — 

4 9 

III. Punctuation, etc. 

Period .-- .— Exclamation 

Comma ._._ Parenthesis ._..«. 

Semicolon . Italics — .«. 

Interrogation _. . Paragraph — .«« 

Upon the closed-circuit system a number of stations 
are placed upon one circuit, and when no message is pass- 
ing along the line the current is circulating through all of 
them. On each key is a switch, H, which on being turned 
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in one direction or the other breaks the circuit or closes 
it. The action of the electro-magnet at each station is, 
however, merely to close the local circuit, which operates 
another electro-magnet placed upon a resonant sounding 
base. This electro-magnet with its sounding base is 
termed a " sounder." 

Letting Fig. 90 represent a closed circuit, the current 





Fig. 90. 

passing from the positive pole of the battery, through the 
key K, whose switch is closed, through the electro-magnet 
M, the line- wire, the electro-magnet M' at the receiving 
end and the key K', whose switch is closed, to the ground 
G' ; the negative pole of the battery being connected to 
the ground at G. It will be noticed that only one wire 
is used. The reason for this is that for the small currents 
used in telegraphy the earth can act as a very good return 
conductor, the circuit being completed between the earth- 
plate sunk in the earth at G' and one sunk in the earth at 
G. In this way we get a conductor for the return current 
costing nothing, and offering much less resistance than a 
wire. 

Now, the current, in passing through the electro-mag- 
nets M and M', magnetizes them, so that they attract their 
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armatures, a and a'. This brings the armatures down upon 
contact-points, thereby closing the circuits of the local 
batteries, B' and B", magnetizing the electro-magnets M" 
and M'", which attract their armatures, and, being placed 
upon sounding bases, give out, therefore, very audible 
clicks. The current remaining closed, the armatures rest 
quietly in this position. Suppose now that the operator 
at A desires to signal to the operator at B. He first 
throws his switch to the right, thereby breaking the cir- 
cuit and liberating the armatures a and a, a" and a'", and 
any similar armatures along the whole line. He now be- 
gins to close and open the circuit by manipulating his key, 
thereby operating all the sounders along the line, his own 
included. If now the operator at B, who has been called 
by A by a preconcerted signal, fails to understand what A 
is telegraphing, or if he wishes to signal something to A, 
he moves his switch to the right, thereby breaking the 
circuit, A's sounder will not now act ; so A knows that 
something is wrong. He therefore moves his switch to 
the left and waits for a signal. 

The Sounder is shown in Fig. 91. It is mounted 



upon a resonant base having metallic feet at each end, the 
electro-magnet being covered with a polished casing of 
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vulcanized rubber. It is operated, as has been said, by a 
small local battery at the station. 

Relay. — The receiving magnet, or relay, consists of 
an electro- magnet and armature, so arranged that when 
the main circuit circulating through the electro-magnet 
causes it to attract the armature, this armature closes the 
circuit of a local battery, which operates the sounder. 
A form of relay is shown in Fig. 92. In front of thi 



poles of the electro-magnet is the soft-iron armature, con- 
nected with one pole of a battery, and arranged, when at- 
tracted, to strike against a stop connected to the other 
pole of the battery. In order to adjust the relay to cur- 
rents of different strength, the retractile spring shown is 
made adjustable in tension. It is connected at the end 
near the left of the instrument to a cord, which passes 
around an axis terminating in the milled head ; so that by 
turning this head in one direction or the other the tension 
of the spring is increased or diminished. 

Polarized Relay. — A modification of the ordinary, 
or Morse, relay is found in the polarized relay, in which 
no retractile spring is required, the motion of the ar- 
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mature being produced by the alternate attraction of 
two magnet-pQies. The construction is represented in 
Fig- 93- The permanent steel magnet, N S (Fig. 93), is 
given the form shown, and two electro-magnets, m and 
«, are placed upon the lower or N pole (Fig. 94) ; a 



Fig, 93- Fig. <». 

soft-iron armature is pivoted at the S pole, and extends 
between the two pole-pieces of the electro-magnets, as. 
shown. 

This armature is made to lie a little closer to one pole 
than the other ; let us suppose that it lies closer to the pole 
of K (Fig. 95). Now, the soft-iron armature is magnetized 
by the south pole, S, with which it is in contact, while the 
soft-iron cores of both electro-magnets are, when no cur- 
rent is passing around them, magnetized by the north pole, 
N, with which they are in contact. Therefore the pole- 
pieces of both attract the armature ; but, as it is placed 
nearer «, the attraction of « prevails, and it is pulled over 
to «. Now, the coils are so wound that, when a current 
passes, « becomes a south pole and «' a north pole ; «' then 
attracts the armature, which immediately starts towards it, 
but brings up against a stop, D', in the circuit with a local 
battery and sounder ; so that the local circuit is thus closed 
and the sounder operated. As soon as the current ceases 
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the polarity of both cores immediately becomes that of 
N, and, as the armature has not been allowed to move 
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lialf the distance from n to «', ths attraction of « prevails 
■over that of «', and the armature is attracted back again to 
■n, thus leaving the contact-point D' and breaking the cir- 
cuit of the local battery. In practice, however, this relay 
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is ordinarily used with alternating currents — that is, cur- 
rents which flow first in one direction and then in the 
other. In flowing in one direction, for instance, the cur- 
rent makes n a north pole and n' a south pole, so that the 
armature is attracted by 71; while when flowing in the 
other direction it makes n a south pole and «' a north 
pole, so that the armature is attracted by 7i', We see that 
by this system the current is not made and broken, but 
that it constantly flows, though in alternate directions, 
over the line. 

The polarized armature is used not only in telegraphy, 
but in very many kinds of electrical apparatus. 

The Key. — Fig. 89 gives a view of one form of tele- 
graph key. The frame is screwed firmly to the table, and 
the key is pivoted about the axis, D. One wire of the 
main circuit is secured to the metallic frame, and the 
other to the anvil, C, which is insulated from the frame. 
The knob, B, is of hard rubber or other insulating mate- 
rial. Beneath the key is a platinum stud, which, when the 
key is depressed, comes into contact with a similar plati- 
num stud on the anvil — platinum being used on account 
of its infusible nature, which saves it from being oxidized 
by the spark due to the extra current on breaking. The 
switch, H, when pulled to the left, bridges over the dis- 
tance between the anvil and the frame, thus keeping the 
circuit closed. 

The Register. — This is an apparatus for automati- 
cally recording the signals received, and is used more in 
Europe than in the United States, though it was at one 
time used to a considerable extent in this country also. 
The arrangement of the electro-magnet and armature seen 
to the right of Fig. 96 will be understood from what has 
been already said. It only remains to add that the arma- 
ture is prolonged to the left beyond the pivot, and ends 
in a stylus, as shown, which, therefore, rises as the arma- 
ture is attracted. In rising it comes up into contact with 
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a strip of paper drawn along under the stylus by clock- 
work actuated by springs or weights. The paper being 
drawn along at a uniform rate, a current of long duration, 
or a dash, will clearly occasion a long mark upon the pa- 
per, whereas a current of short duration, or a dot, will oc- 
casion a short mark upon the paper. In this way, then, 
the messages are recorded upon the paper strip in a suc- 



cession of dots and dcishes, which correspond to the dots 
and dashes signalled from the sending end, and which 
can be lead off and translated into ordinary language. 

Multiplex Telegraphy. — By this term is meant the 
art of sending a number of messages over the same wire 
at the same time. To express the sending of two mes- 
sages the term " duplex " is ordinarily employed, and to 
express the sending of four messages the term " quad- 
ruplex," 
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Fig. 97. 



Duplex Systems. — The simplest system for sending^ 
two messages in opposite directions at the same time is 
that known as the bridge method. In this method the 
receiving apparatus at each end is put in a " bridge,** of 
which the arms have such a ratio that the points at 
the top and bottom have the same potential as regards 
currents coming from the battery at that place ; so 
that no current traverses the receiving apparatus, no 
matter whether the current is closed or not. If, for 
instance, the ratio 
of the resistance in 
a, Fig. 97, is to the 
resistance in b as 
the resistance of 
the line is to that 
of the artificial re- 
sistance P, then no 
current coming from the battery B will go through 
the relay M. The current will, however, traverse 
the line, and, on getting to C, will divide, part going 
through C D to ground, and part through the relay 
M' and thence to ground. If at the same time a cur- 
rent is sent from D, this current will not act on its own 
relay placed in the bridge at that place, but will neutral- 
ize the current coming from the opposite direction. F 
will, therefore, now receive a current, because the equili- 
brium of potential in the arms a and b is destroyed. Thus, 
under any circumstances, the relay in the bridge at each 
end will respond to the depressions of the key at the other 
end, but will not respond to the depressions of the key at 
the same end. If we wish to send simultaneously two 
messages in the same direction, one of the simplest arrange- 
ments we can use is that invented by Mr. Edison. At 
the sending end are two different kinds of keys, one of 
which serves to reverse the direction of the current when 
depressed, the other to increase and diminish it. At the 
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receiving end are two different relays, one of which, hav- 
ing a polarized armature, responds only when the direc- 
tion of the current is reversed ; the other, having a soft- 
iron armature, responds only when the current is so in- 
creased that the tension of its retractile spring is over- 
come. By this plan it is evident that the polarized relay 
responds when the first key is depressed, and remains 
silent when the second key is depressed ; and that the 
other relay responds when the second key is depressed, 
and ignores the movements of the first key. Systems for 
sending two messages simultaneously in the same direc- 
tion are sometimes called " diplex," and those for sending 
them in opposite directions "contraplex.** 

Quadruplex Systems. — These combine both di- 
plex: and contraplex systems. At each end are two keys, 
one of which is arranged to change the direction of the 
current, and the other to increase and decrease it ; and 
two relays, placed in a " bridge," one arranged to respond 
to reversals of the current, the other to increments and 
decrements in strength, the tension of its retractile spring 
being so adjusted that the strength of the electro-magnet 
will not be sufficient to overcome it until the current is 
increased to a certain strength. Neither relay responds 
to currents coming from the battery at the same end ; so 
that four separate currents can, by this method, be sent 
over the wire at the same time without interfering with 
each other. 

Harmonic Telegraphy. — Among the most recent 
methods of multiple telegraphy introduced into practice 
is the harmonic, or musical, system. 

It is a well-known fact that if we strike a tuning-fork 
it will emit the same note, no matter whether we strike it 
gently or violently ; and that it will emit this note also if 
that note be sounded by some external source, such as 
a piano, by reason of the impact upon the tuning-fork 
of the vibrations of air set up by that source. But if any 
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other note be sounded the tuning-fork will remain silent ; 
though if we have at hand another tuning-fork which, 
when struck, will emit the note we have just sounded, 
then this tuning-fork will immediately respond. 

If, therefore, we have a number of tuning-forks of 
different shapes and sizes, so that they vibrate at different 
rates and emit different tones, and if we then play a tune 
upon a musical instrument, each tuning-fork will pick out 
its own note whenever it is sounded, and respond in unison. 

Harmonic telegraphy may be briefly described as a 
system by which a number of tuning-forks are so con- 
nected electrically with the same number of like tuning- 
forks that each tuning-fork at the receiving station emits 
its peculiar note whenever the corresponding tuning-fork 
at the sending station is set in vibration. 

In place of tuning-forks steel reeds are used, which are 
mounted in front of electro-magnets, like armatures. It 
will be remembered that, in speaking of electric bells, the 
armature was described as acting as an automatic circuit- 
breaker, breaking the circuit whenever attracted towards 
the electro-magnet, and re-establishing it whenever its re- 
tractile spring drew it back. The steel reeds used in har- 
monic telegraphy are similarly mounted ; and as, from its 
shape and size, each can vibrate only at the rate depend- 
ing upon that shape and size, each will, whenever the key 
is depressed and a current sent through the electro-mag- 
net, break and close the circuit as many times per second 
as it would vibrate per second if struck. Suppose the 
reed shown in Fig. 98 to vibrate one hundred times per 
second, and to be mounted as an armature before an elec- 
tro-magnet which is in the circuit with a precisely simi- 
lar electro-magnet and armature, m, at a distant station. 
When now the circuit-closing key is depressed, the elec- 
tro-magnet m at the receiving station will be magnetized 
and demagnetized one hundred times per second, so that 
its armature will be attracted and drawn away from it 
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one hundred times per second. But the armature is ol 
such a size and shape that, when it has been once at- 
tracted and withdrawn by the retractile force of its own 
elasticity, it is about to vibrate again towards the electro- 
magnet just as the attracting force of the electro-magnet 
again operates. The reed is then thrown into vibration, 
in the same way that a swing is when we give it succes- 
sive impulses, just at the times when it is beginning to 
swing in the direction of the impulses. Thus we see that 
both reeds are thrown into similar vibrations, and there- 
fore emit the same musical note, each time the key is de- 
pressed. But suppose there 
is in the same circuit another 
electro-magnet, m', whose 
armature is of such a size 
and shape that it can vibrate 
only at the rate of one 
hundred and fifty times per 
second. This electro-mag- 
' net will also be magnet- 
ized and demagnetized one 
hundred times per second, but the armature will not be 
thrown into vibration, because it is subjected to a succes- 
sion of attractions which do not occur at times when it is 
ready to move in the direction of the attraction. The 
effect is the same as we would produce if we gave a 
succession of impulses to a swing at improperly-timed 
intervals. The armature will therefore ignore all im- 
pulses sent by the key. But suppose that we had at 
the sending station another key, adapted to send cur- 
rents through an electro-magnet at the sending station 
whose armature is a steel reed of such size and shape that 
it breaks the circuit one hundred and fifty times per ' 
second. Then, when this key is depressed, the armature 
of m' will vibrate and that of ;« remain silent. 

Consequently, if we have at the sending station a num- 
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ber of electro-magnets with armatures capable of different 
rates of vibration, connected electrically with the same 
number of similar reeds, each reed at the receiving station 
will vibrate, and therefore emit its peculiar note, when- 
ever its corresponding reed vibrates at the sending sta- 
tion. It is only necessary, therefore, for each operator at 
the sending end to manipulate his key as in sending a 
despatch by the ordinary system. The armature of each 
will respond at each depression of the key, not with a 
sharp click, but with the hum of its peculiar note, and at 
the same time the corresponding armature at the receiv- 
ing station will respond, each one following the dots and 
dashes of its mate at the sending end and disregarding all 
the others. 

Speed of Signalling:. — It is not possible, however, 
to signal through a long line with the same speed that 
can be attained in signalling through a short one. The 
principal cause which operates against great rapidity is 
that due to what is called " retardation," which is more 
marked in submarine and subterranean lines than in aerial 
ones. 

Retardation ; Electro-static Charge (Fig. 99). — 



If we connect one end of a submarine cable to the posi- 
tive pole of a battery, of which the other pole is connected 
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to earth, while the other end of the cable, a\ is insulat- 
ed, the charge of electricity communicated to the first end 
will be quickly conducted to the other end, so that the 
whole length of the conductor will be charged with plus 
electricity, which will, of course, be of the same potential 
as the pole from which the charge proceeds. Now, sur- 
rounding the conductor is a non-conducting substance, 
and in contact with this is the conducting material of the 
earth or sea, to which is connected, as has been said, the 
negative pole of the battery. In other words, we have a 
long conductor charged with positive electricity and sep- 
arated by a dielectric from another conductor. The 
charge will evidently induce negative electricity upon 
those parts of the earth or sea adjacent to the coating, so 
that we shall have all the conditions of a Leyden jar. 
The two opposite charges strive to recombine, but are pre- 
vented by the non-conducting nature of the coating. If 
now we break the connection with the batter v, and at the 
same time give a path to earth at that place, the two 
charges can now combine ; so that if we place a galvano- 
meter in this path to earth it will indicate the passage of a 
current from the conductor of positive potential to the 
conductor of negative potential. Had we made the earth 
connection at the other end a galvanometer placed in that 
connection would have similarly shown a current from 
the insulated conductor to the earth. Had we made earth 
connections at both ends (after removing the battery) the 
current would have flowed through both, showing that it 
went from the middle of the conductor towards both 
ends. 

As no conductor, however, is so perfect that it does 
not resist to some extent the passage of electricity, it takes 
time both to charge and to discharge the cable. If we 
have only one end connected to earth, the time required to 
discharge will, it is clear, be greater than if we have both 
ends so connected. Suppose we send a charge into a 
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cable whose farther end is connected to earth, by depress- 
ing a key, and then break the circuit by raising the key. A 
current will traverse the line, inducing a negative charge 
in the conducting material adjoining the insulating coat- 
ing, and will finally reach the end, pass to the earth, and 
then the discharge of the line will follow. If now a sec- 
ond charge be communicated to the cable before the first 
charge has been discharged, the effects of the two charges 
will interfere at the farther end, because the current due 
to the discharge of the first charge will prolong the first 
signal so long that it will become merged in the current 
due to the charge of the second. Thus we see that the 
rapidity with which signals can be made to succeed each 
other is reduced by the time required to charge and dis- 
charge. Evidently the greater the charge communicated 
tp the cable, and the greater the resistance of the conduc- 
tor, the longer the times required for charge and dis- 
charge, and therefore the greater the retardation. So we 
see that, in order to signal rapidly, it is best to use as 
small currents as possible, to have as good a conductor as 
possible, and to have the capacity of the cable as small as 
possible. 

To carry out the first provision it is necessary in sub- 
marine telegraphy to use an exceedingly delicate receiv- 
ing apparatus, as such a one can be used with much 
feebler currents than the ordinary electro-magnet and ar- 
mature. The mirror galvanometer of Sir William Thom- 
son, already described, is so sensitive that it will indicate 
the minute current generated by placing in salt water a 
steel and a brass pin, which are connected to the instru- 
ment, and it is therefore well suited for submarine tele- 
graphy. 

To carry out the other two conditions little can be 
done with submarine and subterranean cables without 
making them too expensive. The core is always made of 
copper, which is the best conductor of electricity next to 
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silver ; but as copper is very expensive, economical rea- 
sons prevent increasing the size of the conductor beyond 
a certain point. As every good insulator, too, has con- 
siderable inductive capacity, and as there are practical 
limits to the thickness of the insulating coating, every 
submarine cable of any length must possess considerable 
capacity, and therefore present a limit to the rapidity with 
which signals can be transmitted through it. 

Retardation on Land Lines. — The phenomenon 
of retardation affects also the rapidity ot signalling upon 
land or aerial lines, though in a lower degree. In a land 
line we are able to satisfy the third condition necessary 
to rapid signalling — that the conductor shall have small 
capacity. Here the insulator, or dielectric, between the 
two conductors, the line and the earth, is the air. As this 
dielectric has a small specific inductive capacity, and as 
the distance between the earth and the line is so great 
that it is very thick, its inductive effect is slight. This ex- 
plains why we can telegraph so much faster over land 
lines than over submarine and underground lines; and 
why it is so difficult to telephone over the latter, unless 
they are quite short. 

In order to carry out the second condition favorable 
to rapid signalling (that the wire should be as good a con- 
ductor as possible), the Postal Telegraph Co. have adopted 
a compound wire, which consists of a steel core, which 
gives the necessary strength, and a coating of copper, 
which gives the necessary conductivity. The practical 
results secured with this wire on a line between New 
York and Chicago have fully justified the expectations 
which theory raised. 

In order to facilitate the discharge of a line it is com- 
mon to connect the sending end to earth just as the cir- 
cuit is broken, or to send into the wire a weaker current 
in the opposite direction to neutralize the charge in the 
first half of the cable. Defective insulation sometimes ac- 
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complishes the same result, provided that the leakage is 
not so great as to materially reduce the strength of the 
current. 

Automatic Telegraphy.— In order to produce the 
succession of currents more rapidly than can be done by 
hand, systems of automatic telegraphy have been devised 
in which this is accomplished by mechanical means. In 
nearly all of the systems (and there are many) the message 
is first prepared for transmission upon a long strip of 
paper. The usual manner of preparing the message is to 
perforate a piece of paper tape with a series of slots and 
round holes which correspond to the dashes and dots 
representing the words to be telegraphed ; sometimes a 
series of small holes being used instead of a slot. In order 
to do this it is usual to employ a perforating-machine, 
which is somewhat similar to a type-writer, except that 
pressing the keys causes perforations corresponding to 
letters to be punched out of the paper, instead of causing 
the direct printing of the letters. When a sufficient num- 
ber of messages have l>^en thus prepared, the long, per- 
forated paper tape is drawn between a metal roller con- 
nected to one pole of the battery and needles connected 
to the other pole, which make contact through the per- 
forations and close the circuit. In the Wheatstone sys- 
tem, however, the contact is not directly made in this way, 
but is effected by needles which press upon the tape and, 
when perforations pass, operate light levers which act as 
pole-changers. 

To receive the successive currents of varying length 
transmitted by either system, which follow each other too 
rapidly to be distinguished by the ear, registers are used. 
In the Wheatstone system a stylus operated by a polar- 
ized relay is employed, which responds to alternating cur- 
V ents in the manner already described ; and in some other 
systems the registering is accomplished by chemical 
means. In this case the paper is moistened with some 
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chemical solution (iodide of potassium to which starch 
has been added, for instance), and passes over a metallic 
surface connected to one end of the line and under a stylus 
connected to the other end. As this solution conducts 
electricity, each little current from the transmitting ap- 
paratus passes through the paper tape. But in so doing 
it electrolyzes the chemical solution and makes a stain in 
the manner already described. This action is so rapid 
and so delicate that a very swift succession of quite feeble 
currents will leave traces upon the tape, so that it will be 
covered with the same succession of dashes and dots as 
was the tape at the sending end. These can be read off, 
translated into ordinary language, and sent to the person 
addressed. 

In practice the extreme delicacy of the solution gives 
some trouble, as feeble currents induced from neighbor- 
ing lines, or occasioned by leaks in the transmitter, some- 
times occasion false indications. The paper, being moist, 
:is also difficult to handle, and promotes a tendency of the 
stains to run together. 

The Leggo System. — A comparatively new system, 
and one requiring no perforation, is that invented by W. 
A. Leggo, in which the message is prepared upon a cylin- 
der of conducting material, which rotates upon a longitu- 
dinal axis on which is traced the thread of a screw, so 
that the rotating motion produces also a longitudinal mo 
tion. A capillary tube containing insulating ink is lightly 
pressed upon the cylinder by a spring, so that, when the 
cylinder is revolved, a spiral line is traced around the 
cylinder as long as the tube continues to press upon it. 
The tube is, however, fixed to a pivoted lever, which is 
prolonged beyond the pivot into a piece of soft iron 
which rests over an electro-magnet as an armature. Now, 
when a message comes in to the central station to be trans- 
mitted to a distant point, the cylinder is given a slow re- 
volution. At each attraction of the armature the inking- 
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tube is lifted from the cylinder, while during the breaks 
the inking-point traces a line on its surface. When the 
message has been received, therefore, the cylinder has 
upon it a spiral line, in which there are breaks which cor- 
respond to the dots and dashes signalled. When a suffi- 
cient number of messages have been* received to fill the 
C}dinder the inking-tube is removed and the cylinder re- 
volved back to its first position. A platinum point con- 
nected with the line is now made to press upon the spiral, 
and the cylinder is connected to the battery. The cylin- 
der is then made to revolve, but very much faster than in 
receiving. While the platinum point rests upon the insu- 
lating ink no current passes ; but whenever it comes to 
a break the circuit is closed. A succession of currents, 
therefore, corresponding to the dots and dashes received, 
traverses the line, and is recorded on chemically-prepared 
paper in the manner indicated above. 

Autographic Telegraphy.— Many systems have 
been devised for transmitting telegraphically the fac-sim- 
ile of a written despatch, of a signature, or even of a pic- 
ture. The principle upon which most of the systems are 
based will be readily understood when it is pointed out 
that the method of automatic telegraphy just described is 
really one form of autographic telegraphy, because the 
receiving paper has imprinted upon it a fac-simile of the 
■dots and dashes on the transmitting cylinder. To extend 
the use of this to the transmission of more complicated de- 
signs, it is only necessary to wrap the sensitized paper at 
the receiving end upon a cylinder similar to the transmit- 
ting cylinder, and to use clockwork and a synchronizing 
device, so that both cylinders will rotate at the same speed. 
If we now sketch or write upon the transmitting cylinder 
with insulating ink, and proceed as in telegraphing, when- 
ever the stylus at the sending end comes into contact with 
the cylinder a mark will appear upon the receiving cylin- 
der, which will be interrupted when the stylus strikes the 



148 ELECTRICITY IN THEORY AND PRACTICE. 

insulating ink. The design will appear upon the receiv- 
ing cylinder, therefore, in white lines upon a colored back- 
ground. To accomplish this in such a way that the de- 
sign, as received, shall be in lines continuous, or nearly so, 
it is clear that we must revolve both cylinders upon axes 
with very fine screws. 

In order to receive the design in dark lines upon a 
white ground many devices have been invented. One 
methbd of accomplishing this with the system just de- 
scribed will doubtless occur to the reader. Suppose the 
currents as they arrive pass through a relay which closes 
a local circuit whenever a current is not passing. If now 
our receiving cylinder be placed in this local circuit, it is 
clear that a mark will be made on the paper whenever the 
stylus at the sending end comes into contact with the 
insulating ink. Another method is to have the cylinder 
and sending stylus in short circuit with the battery, so 
that no current goes to line except when this short circuit 
IS broken by the sending stylus coming into contact with, 
the insulating ink. 



CHAPTER XII. 

THE TELEPHONE. 

It was while experimenting upon harmonic telegraphy 
that Alexander Graham Bell and Elisha Gray discovered 
the principle by which human speech may be electrically 
transmitted, and invented an instrument for applying that 
principle. To this instrument was given the name " tele- 
phone.** 

Reiss's Musical Telephone. — Before Bell produced 
an apparatus capable of transmitting speech, however, an 
intermediate step was taken by Philip Reiss, of Germany. 
It will be remembered that to transmit messages on the 
harmonic system a number of reeds are used, each one 
capable of transmitting a note of one pitch, but no other 
notes ; so that to transmit a tune on this system it would 
be necessary to employ as many reeds as there are notes 
in the tune to be transmitted. Philip Reiss accomplished 
the transmission of tunes by his " musical telephone ** — a 
simple device, in which a great number of reeds were re- 
placed by a membrane fixed at all points of its circum- 
ference. A membrane so fixed possesses the property of 
vibrating to all tones. Reiss's musical telephone is repre- 
sented in Fig. lOO, in which A is a hollow box, M a 
mouth-piece communicating with the interior, and S a 
circular membrane covering a hole in the top of the box. 
Upon this membrane is glued a small piece of platinum, 
which is connected to one pole of a battery. Resting 
lightly upon this piece of platinum is a contact-point pro- 
truding downwards from one of the arms of a little tri. 
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pod which is connected with the other pole of the bat- 
tery. The current runs through the piece of platinum, 
the arm of the tripod, along the Hne-wire, and around 
the so(t-iron rod which lies upon the sounding-box, R. 
When a person sings into the mouth-piece the membrane 
vibrates at each note, vibrating rapidly to notes of high 
pitch, and more slowly to notes of lower pitch. At each 
vibration the contact-arm jumps up and down, thus break- 
ing the circuit and closing it again. Consequently it 
breaks the circuit very frequently during the utterance of 
a high note, and less frequently during the utterance of a 
lover one. The successive currents traverse the coils of 



the electro-magnet on the sounding-box, and so subject It 
to frequent magnetizations and demagnetizations. Now, 
it is a well-known fact that a bar of iron, on being mag- 
netized, becomes slightly elongated, and that it returns 
to its original length on being demagnetized. The rapid 
magnetizations and demagnetizations, then, produced in 
Reiss's electro-magnet subject it to longitudinal vibra- 
tions, which vary in rapidity with the notes sung. But 
these longitudinal vibrations cause the iron bar to emit 
sounds ; and as the vibrations equal in number the vibra- 
tions of the note sung, the bar emits the same note. In 
this way Reisg was able to transmit tunes, but there is 
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nothing authentic to prove that he ever succeeded in 
transmitting speech. The sounds emitted were very fee- 
ble, and the invention was never made of any practical 
use. 

Bell's Theories. — When Bell turned his attention to 
the invention of an instrument for transmitting speech^ 
it was evident to his mind that some apparatus had to be 
devised more sensitive than any yet known. Understand- 
ing that each tone of the human voice is much more com- 
plex than that of a musical note, and that it possesses 
other qualities than pitch alone, he studied to produce an 
electric current which should vary as infinitely as the 
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voice. He saw that no current which was made up of a 
succession of makes and breaks could ever do more than 
transmit pitch alone, In Reiss's instrument (the most per- 
fect up to that time) the current was suddenly made, and 
at each break of contact was as suddenly broken, remain- 
ing during the interval at a nearly uniform strength. 
Now, as the voice, in uttering even the vowels, is com- 
posed of a mixture of tones, some of which it emits with 
greater force than others, and as the voice gradually rises 
and gradually falls, and is not composed of a succession 
of noises which abruptly begin and abruptly end. Bell 
saw the necessity of producing a current which should 
gradually rise and gradually fall in correspondence with 
the undulating vibrations produced by speech. Charac- 
terizing the currents in Reiss's apparatus as " intermittent/* 
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and currents in which an intermittent current was super- 
posed upon a uniform current as " pulsatory," he conclud- 
ed that, to accomplish his purpose, a current must be 
" undulatory." A graphical representation of the three 
kinds of current is shown in Fig. loi, in which the line 
gg' represents a zero, or no current, while the height 
above the line at any point indicates the strength of a posi- 
tive current, and the distance below the zero line the 
strength of a negative current. 

In the first column the undulatory current is repre- 
f :nted as gradually rising above and returning to a uni- 
form current upon which it is superposed, and in the sec- 
ond column as gradually changing from a positive to a 
negative current. 

In order to produce an undulatory current Bell con- 
c:;ived of two methods, one by inducing a current of 
gradually varying electro-motive force, the other by vary- 
ing gradually the resistance of the circuit. 

Bell's Tele- 
phone. — Passing 
over his first crude 
instrument, it will 
be sufficient to de- 
scribe the form his 
telephone finally 

assumed (Fig. 102). 

It will be noticed 
that it operates by inducing a current of varying electro- 
motive force. 

F is a steel magnet surrounded at one pole by the coil, 
H, which is connected to the two binding-screws shown. 
To one is secured a wire which leads to earth, while to 
the other is attached the line-wire leading to the receiv- 
ing telephone. This wire is connected to one of two simi- 
lar binding-posts on the receiving telephone, whose other 
post is connected to the earth. The receiving telephone. 



THE TELEPHONE. 



153 



■or, as it is usually called, the " receiver/' is precisely simi- 
lar to the transmitting telephone, usually called the 
^* transmitter." 

When a person speaks against the iron disc, D (Fig. 
103), which is set very close to the coil, H, the disc is 
thrown into vibration, as in Reiss's telephone, the number 
of vibrations at each instant corresponding to the tone ut- 
tered at that instant. But the diaphragm is influenced 
not only by the pitch of a tone, it is influenced by its in- 
tensity also ; for it will move to a greater distance from 
its normal position when actuated by a powerful sound 
than when actuated by a weak one, just as a swing will 
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move to a greater distance from the vertical when actu- 
ated by a powerful thrust than when actuated by a weak 
one. Now, as all the sounds of a voice depend upon 
the pitch, the loudness, and the timbre (or peculiar pro- 
perty of any voice by which we distinguish it from any 
other voice), the diaphragm will vibrate in a different 
way for each sound. 

It will be remembered that Faraday discovered that if 
a magnet-pole be moved near a closed circuit in such a 
wav as to alter the number of lines of force it embraces, a 
-current will be induced in that circuit whose direction 
and strength will depend upon the direction and the ex- 
tent and velocity of the motion of the magnet. 

It is evident that in Bell's telephone the iron disc, 
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being close to the pole of the steel magnet, becomes itself 
a magnet by induction. Therefore when this magnet, D> 
vibrates back and forth in front of the coil of fine wire, 
H, it alternately increases and decreases the number of 
lines of force embraced by it, and therefore induces in it 
alternating currents at each vibration. A series of alter- 
nating currents are then sent through the line to the re- 
ceiver, which correspond in frequency to the vibrations 
of the diaphragm, and in strength to their amplitude, 
which in turn correspond to the pitch, loudness, and 
timbre of the voice. 

When these alternating currents reach the receiver 
they pass through the coils, and therefore exert a mag- 
netic force upon the iron disc in front of it, which is held 
in a permanent state of attraction by the steel magnet. 
When the current in the coils is in such a direction as to 
assist the attraction of the steel magnet, the disc is drawn 
nearer ; and when it is in the opposite direction, and so op- 
poses this attraction, the disc moves farther away. The 
succession of alternating currents, then, produces vibra- 
tions in the receiving disc precisely similar to those of 
the transmitting disc, so that the sounds emitted by the 
receiving disc are similar to those of the voice actuating 
the transmitter. From this it will be seen that the trans- 
mitter acts as a magneto-electric generator, converting 
the mechanical energy of the vibrations of the diaphragm 
into electrical energy, while the receiver acts as an elec- 
tro-motor, converting the electrical energy of the currents 
into the mechanical energy of vibration. The voice it- 
self, then, it will be noticed, is not transmitted from one 
point to the other. 

Edison's Transmitter. — This instrument generates, 
undulating currents by increasing and decreasing the re- 
sistance of a circuit operated by a battery. Mr. Edison 
discovered, in the course oi a careful series of experiments, 
that carbon when subjected to pressure possesses a dif- 
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ferent resistance from that possessed when the pressure 
is absent, and that the variations in resistance of properly- 
prepared carbon are proportional to the amount of pres- 
sure. Using the apparatus shown in Fig. 104, he found 
that the deflections of 

the galvanometer, G, . ^TV— 

showed a much strong- -^ 
er current v.'hen a hea^ 
vy pressure was placed 
upon C than when 
light pressure was ap- 
plied, showing that pressure decreases the resistance of car- 
bon properly prepared. In adapting this principle to the 
telephone he construct- 
ed the transmitter shown 
in Fig. 105. 

In this transmitter the 
carbon, E, is placed be- 
tween two plates of pla- 
tinum, which are con- 
nected to the two bind- 
ing-posts as shown. The 
diaphragm, A, rests 
against a piece of rub- 
ber tubing, B, which in 
turn rests against a piece 
of ivory in contact with 
one of the plates of pla- 
tinum. When the dia- 
phragm is thrown into 
Fig, ,os vibration it causes a va- 

rying degree of pressure 
to be exerted upon the carbon, and therefore causes a va- 
riation in the resistance of the circuit. 

In later forms of transmitter Mr. Edison has abandon- 
ed the thin vibrating disc originally used in favor of a 
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rigid piece of metal. It was found that even when the 

piece of rubber tubing was used to check or " dampen " 

the vibrations of the diaphragm 

the articulation was somewhat 

muffled, "The rigid plate vibrates 

throughout its mass, however, and 

thus causes a varying pressure 

upon the carbon (Figs. 106 and 

107). In this form the carbon, C, 

lies between the metal of the 

frame and a sheet of platinum toil, 

P, which are connected each to 

one wire of the circuit, as shown. 

The best form in which to use 

carbon for this purpose has been 

found to be lamp-black from the 

^■"^- lighter hydro-carbons, which has 

been deposited at as low a temperature as possible. 

Edison's Motograph Receiver.— A most peculiar 
and original (though 
unpractical) form of 
receiver is that in- 
vented by Mr, Edison, 
in which no magnet is 
used, but in which the 
action is based upon 
the fact, discovered 
by himself, that when 
a piece of paper moist- 
ened with certain 
chemicals has an elec- 
tric current passed 
through it the action 

of the current renders ^ '°'' 

the surface of the paper almost frictionless, and that this 
effect ceases immediate!}* as soon as the current ceases. 
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In th-s receiver embodying this principle, and represented 
by Fig. io8, the brass shaft, s, which can be revolved by 
turning the little crank, K, has secured upon it a moist 
cylinder of chalk, C. Upon this presses a brass strip, T, 
tipped with palladium, which is rigidly secured to the 



diaphragm lying in the plane of the paper. The brass 
strip, T, is pressed against the chalk cylinder by the 
rubber cylinder, R, the degree of pressure being regu- 
lated by the set-screw, M. The connections are as shown 
in the figure. 

When ready to receive, the cylinder is made to re- 
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volve by turning the crank, K, in such a direction that the 
friction of the cyhnder will pull the brass strip, T, away 
from the diaphragm, thus drawing the diaphragm in this 
direction. This will continue as long as no current is 
passing ; but as soon as a current does pass the friction 
between the palladium and the surface will cease, and the 
diaphragm will instantly revert to its normal position, 
from which it will be instantly drawn again as soon as 
the current ceases. In this way the diaphragm is made 
to vibrate in accord with the diaphragm of the trans- 
mitter. 

Induction Transmitters. — In using transmitters in 
which the resistance of the circuit is varied by varying 
the resistance within the instrument, it is clear that the 
current will be varied to a considerable extent when the 
ratio of the variation in resistance to the resistance of 
the whole circuit is great. It is also clear that this can 
be the case only when the resistance of the line is small ; 
for if we have a long line with high resistance, the pro- 
portional amount by which this resistance will be varied 
by the necessarily slight alterations in the resistance of 
the transmitter will be too small to exercise any apprecia- 
ble influence upon the strength of the current. To en- 
able these instruments to be used successfully on long 
lines it is customary in practice to get over the difficulty 
by having the circuit of the battery and transmitter very 
short, terminating, in fact, in the primary wire of an in- 
duction-coil of which the secondary wire is in the main 
circuit. The varying currents sent through the primary 
wire when the transmitter is used induce alternating cur- 
rents in the secondary coil. These currents have a suffi- 
ciently high electro-motive force to overcome the resist- 
ance of a long circuit, the degree of electro-motive force 
depending, of course, upon the amount of variation in the 
primary currents and the length of the wire in the secon- 
dary coil. 
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The Microphone. — The action of this instrument is 
very similar in some respects to that of Edison's trans- 
mitter, and many modifications of it are used in telephony. 
In its simp'.sst form the microphone consists merely of two 
conductors m loose contact, forming part of an electric 
circuit, the current passing across the point of contact 
from one conductor to the other. Carbon is found to be 
the best material from which to make these conductors, 
though very good results can be obtained by using some 
other materials, notably platinum. 

In Fig. 109 the Httle pencil of carbon shown is held 
loosely between two supports of the same material, and 
all are included in 
the circuit of the 
battery and the re- 
ceiver. When the 
contacts of the car- 
bon pencil are dis- 
turbed in any way 
a loud, grating 
sound is heard in 
the receiver. If a 
watch be placed 
upon the little plat- 
form shown, which 
is rigidly secured ^ 

to the frame hold- 
ing the supports, its ticking will so shake the frame as to 
affect the pressures upon the contacts ; and, if the appara- 
tus be delicately mounted, the light footfalls of an insect 
will do the same. This disturbing of the contacts has 
the effect of altering the degree of pressure between the 
carbon pencil and its supports, and, therefore, the resist- 
ance offered to the current. The current passing into the 
receiver is consequently of an undulatory nature and acts 
upon it in the manner already described, so that the dia- 
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phragm is thrown into vibrations. If the pencil rests 
lightly in its supports the vibrations produced by a mi- 
nute sound will affect the resistance about the contact- 
points to a much greater proportionate extent than if the 
pencil is firmly held. In the former case the ticking of a 
watch will sound to a listener at the receiver like the 
blows of a hammer ; while if a pin be scratched along the 
surface the effect will be that of a discordant shriek. In 
adapting the microphone to telephony innumerable com- 
binations have been made. It has not been possible to 
obtain its full amplifying effect in transmitting speech, 
however, for the reason that, if the contacts are made 
delicate, any loud sound will cause them to separate, thus 
breaking the current. To telephone low sounds, whispers, 
etc., however, the carbons may be adjusted with great 
delicacy. 

Induced Effects.— It will be evident to any one who 
notes the extremely minute forces which produce tele- 
phonic effects that the currents used must also be ex- 
tremely minute. In the magneto-transmitter of Bell the 
cause is the tiny vibrations of a diaphragm, and in the 
microphonic, or battery, transmitter the cause is the slight 
variations in the resistance ot the transmitter ; while even 
when an induction-coil is used, though currents of high 
electro-motive force are produced, yet these are obtained 
at the expense of such great resistance that the currents 
sent to line are extremely feeble. Now, it is evident that 
when wires pass in proximity to other wires carrying 
either telegraphic currents or the much greater ones used 
in electric lighting, there will be currents induced in the 
former by those in the latter. When the former, however, 
carry large currents themselves and operate instruments 
which are not very sensitive, the disturbing influence of 
the induced currents may not be appreciable ; but when 
they carry tiny, telephonic currents and operate extremely 
sensitive receivers the induced currents may be, and some- 
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times are, so great as to overpower them or to inextrica- 
bly confuse the sounds in the receiver. In order to over- 
come this induction effect the simplest way is to use a re- 
turn wire running parallel to the other, instead of employ- 
ing the earth as the return conductor. Any current in- 
duced will then, it is clear, be in one direction in one wire, 
and in the opposite direction in the other wire, so that the 
two currents will neutralize each other. The great cost 
of such a system precludes its use, however, in most in- 
stances. 

Theories of Microphonic Action. — The action of 
the microphone is, in reality, but little understood, and is 
the cause of much discussion and controversy among 
scientific electricians. While all agree that its action is 
due to the disturbance of the contacts, many disagree as 
to whether the electric disturbance produced thereby' is 
due to a minute electric light formed between the con- 
tacts, to variations in the heat at the contacts and there- 
fore to changes in the resistance, or to mere alterations in 
pressure. Many experiments have been made to clear up 
the mystery, some of the most satisfactory being those in 
which the contact-points are brought within the field of a 
microscope; but as yet no exact conclusions have been 
reached. 

Limit to Telephonic Transmission. — For practi- 
cal purposes the use of the telephone, except over short 
distances, has been greatly restricted ; and, though con- 
versation has been carried on between neighboring cities, 
the results have not, as a rule, been very satisfactory. The 
great trouble is doubtless due to the minuteness of the 
currents used. In the case of the induction currents 
ordinarily employed with microphonic transmitters, their 
high tension, though necessary, has the disadvantage that 
it leads them to take every opportunity to escape afforded 
by damp air, defective insulation, etc. ; and to this is, of 
course, added the effect of induction from neighboring 
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wires and from the wandering electrical currents which 
traverse the earth. Another very important cause is " re- 
tardation/' which we found to affect telegraphic transmis- 
sion also. In telephony the currents succeed each other 
with so much greater rapidity than in telegraphy that the 
troublesome effects of retardation become much more 
marked. It will be remembered that, to diminish the 
effects of retardation, the Postal Telegraph Co. have tried 
a compound wire of high conductivity with excellent re- 
sults. A series of experiments with telephones of the 
ordinary kind over the same wire resulted also in the 
most satisfactory manner, showing practically the value of 
good conductors when rapidly recurring currents are 
used, whether in telegraphic or telephonic transmission. 
Submarine and Underground Telephone Lines. 
— It will now be seen why it is more difficult to telephone 
through submarine and underground lines than through 
aerial lines. In the former case we have to rapidly charge 
and discharge condensers of large capacity, of which the 
dielectric is a substance of high inductive capacity, which 
separates the conductor by but a small distance from an- 
other conductor, the earth ; while in the latter case the 
condenser is of very small capacity, the dielectric — the 
air — being of small inductive capacity and separating the 
conductor by a great distance from the earth. It is for 
this reason, besides others, that telephone companies do 
not desire to lay their wires underground. The expense 
would, of course, be considerable, and, as their wires 
would lie close to telegraph and electric-light wires, the 
induction effects would be great. Various devices are 
now being tried, however, which aim at reducing induc- 
tion disturbance to a minimum. 



CHAPTER XIII. 

THE ELECTRIC LIGHT. 

Arc Lights. — If we place together the points of two 
sticks of carbon, one of which is connected to one pole 
of a generator, while the other is connected to the other, 
the current will pass between them and the circuit will 




be complete. If now we draw these two sticks apart -a 
slight distance we shall find that we have produced the 
most brilliant and powerful artificial light known (Fig. 
lio). At the instant of separation, and before the distance 
of separation has become more than a very minute quan- 



164 ELECTRICITY IX THEORY AND PRACTICE. 

tity, the extra current on breaking acquires an electro-mo- 
tive force sufficient to enable it to jump across the inter- 
vening space. In so doing it detaches minute fragments 
from the positive carbon, which are at once volatilized by 
the heat engendered by the resistance. The carbon vapor 
thus formed being a conductor of electricity, the current 
has now a path from one carbon to the other. The resist- 
^ance opposed by this path is, however, sufficiently great 
ito generate enough heat to raise the vapor and the tips of 
the carbons to 
a white heat, so 
that they emit 
a brilliant light 
(Fig. III). The 
solid matter of 
which the car- 
bons are com- 
posed being, 
however, a bet- 
ter radiator than 
the vapor, the 
light due to 
their incandes- 
cence is greater 
than that due 
to the incandes- 
cence of the va- 
por. The cur- 
rent, in jumping 
across from one 
*^ •"• carbon to the 

other, keeps tearing away small particles from the posi- 
tive carbon, carrying them over to the negative carbon 
and depositing them there. From this cause the car- 
bons assume the shape shonn in Fig, iii, a httle crater 
being formed also in the under part of the positive car- 
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bon ; the incandescence of the positive carbon being 
greater than that of the negative, and by reason of this 
crater, the light given out at an angle of forty-five degrees 
below the horizontal is greater than that given out in a 
horizontal plane or in one above the horizontal, the car- 
bon being supposed to lie in a vertical plane with the 
positive carbon uppermost, which is found to be the most 
effective arrangement. 

The heat of the '' voltaic arc " (as it is called) formed 
between the two carbons is more intense than that of any 
other artificial source known. It will 
melt the diamond and vaporize plati- 
num and gold. When burning in the 
open air both carbons waste away, the 
positive about twice as fast as the nega- 
tive. In order, then, to produce a con- 
tinuous light it is essential to devise 
some apparatus whereby the tips of the 
carbons will be advanced towards each 
other as fast as they waste away. In 
order to accomplish this numberless 
devices have been invented. One of 
the simplest and most effective " arc 
lamps " is that here described. It is not 
described, however, because it is any 
simpler or more effective than nume- 
rous other lamps, but because it is a 
typical lamp, so that, if its action is 
understood, that of any other lamp will 
become readily apparent on inspection. 

In the lamp represented in Fig. 112 
the lower carbon is secured in a holder, 
while the upper carbon is actuated by 
the regulating mechanism. It is held in an " upper 
carbon-holder" (Fig. 113) attached to a brass "carbon- 
rod," /, which is steadied by the frame of the lamp. 




Fig. 112. 
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Surrounding this carbon-rod is a ring, h, while directly 
below this ring is a lifting-finger. This finger is secured 
to a soft-iron core, d, which fits in the axial electro-magnet, 
or " helix," a. The coils of this electro-magnet are in 
the same circuit as the carbons, so that when the machine 
is started the current traverses the coils, passes through 
the carbons, and thence back to the machine. In pass- 
ing around the electro-magnet the current energizes it, 
so that it attracts up within itself the soft-iron core, d. 
This core, in rising, carries up with it the finger, thereby 
causing it to tilt the ring, A, and bind it against the carbon- 
rod, /. The rise of the core, continuing, causes the ring, h, 
to raise the carbon-rod with it, thereby separating the 
carbons and producing the " voltaic arc." The distance 
to which the upper car- 
bon is raised is limited by 
the head of the screw, x, 
which, it is clear, can be 
adjusted by turnmg the 
screw. 

Regulation of the 
Arc. — But the gradual 
wasting ot the carbons 
increases their distance of 
separation and the con- 
sequent resistance, and 
therefore diminishes the 
strength of the current 
*■'*■ "^' and the power of the mag- 

net. The magnet will soon become too weak to hold up 
the core, so that the latter will fall until it has decreased 
the resistance of the arc so much that the electro-magnet 
becomes strong enough to uphold it, when a new position 
of equilibrium is attained. After a while, however, the 
core will have descended so far in its efforts to keep the 
carbons at the proper distance apart that the ring, A, will 
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rest flat upon the frame. As soon as this occurs the car- 
bon-rod will slide down through it, the resistance of the 
arc will be diminished and the current again increased, so 
that the core will be again drawn up within the mag- 
net, thus raising to its proper position the upper carbon. 
With a well-constructed lamp the electro-magnetic action 
is so rapid and delicate that, if placed out of the influ- 
ence of gusts of wind, the light will burn with surprising 
steadiness. 

Arc Lainps in Series. — To use arc lamps upon an 
extended scale it is necessary to have a large number, 
and it is the most economical plan to place the lamps in 
" series," or one after the other upon the same wire. 

When it was attempted to use in series lamps like that 
just described great difficulty was experienced. It was 
found that some of the lamps would burn well and that 
others would not burn at all. The cause of the trouble 
was explained by the following theory : As it was im- 
practicable to make a large number ot lamps exactly 
equal in all respects, some were necessarily more sensitive 
than others, so that when a number were put on the same 
circuit the electro-magnet of one lamp would allow its 
plunger to descend before the others would. This action 
would decrease the resistance, and therefore increase the 
current of the entire circuit, so that all the lamps would 
raise their upper carbons, even those which were on the 
point of lowering them. Whenever the resistance of the 
circuit became again increased the most sensitive lamp 
would again allow its carbon to descend, and thus read- 
just the resistance of the circuit. This action would keep 
on until the carbons of the sensitive lamp would be close 
together, at which time those of the other lamps would 
be far apart. It was seen to be essential, therefore, to 
make each lamp independent of the resistance of the cir- 
cuit and of the action of the other lamps, and to have its 
regulating mechanism governed entirely by the resistance 
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of its own arc. To accomplish this the differential meth- 
od invented by Heffner Von Alteneck was adopted. This 
method, it may be here remarked, is used in nearly every 
arc lamp in operation at the present day. 

" Differential " liamps.— In adapting it to the lamp 
in question a length of very fine wire was wound around 
the coarse coils of the electro-magnet, but in the oppo- 
site direction, and its ends were secured to the same bind- 
ing-posts to which were secured the wires of the circuit. 
The fine-wire coil thus acted as a shunt, and the current 
divided between this shunt and the other circuit compris- 
ing the coarse coils and the carbons, according to the laws 
of branch circuits. The fine wire was so long and of such 
great resistance that only an extremely small fraction of 
the current went through it, and yet it was coiled into so 
many turns around the electro-magnet that the magnetic 
effect exerted upon the iron core was very great. This 
effect, it will be observed, was opposed to that of the 
coarse-wire coils. As the carbons wasted away, the in- 
creased resistance thus occasioned decreased the current 
in the coarse coils and increased that in the shunt coils. 
The resistatnces and the numbers of turns of both coils 
were then so adjusted with reference to the weight of 
the upper carbon-rod that the attractive force of the 
coarse coils was just balanced by the weight and the re- 
pelling force of the shunt coils when the carbons were at 
the proper degree of separation to produce the light de- 
sired. As soon as this limit was exceeded the upper car- 
bon was fed down. The action of this apparatus, it will 
be noticed, depends entirely upon the resistance of the 
arc in the lamp in which it is placed, and is unaffected 
by the action of the other lamps. 

" Automatic Cut-Outs." — In case any lamp on a 
circuit fails to feed from any cause the separation of the 
carbons will become greater and greater, until finally a 
flame dangerous to the lamp and its surroundings will 
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play about the carbons. The resistance of so great a 
separation also, if no means are taken to prevent it, will 
seriously impair the strength of the current and the bril- 
liancy of the other lights. In order to prevent it every 
arc lamp used in cities is required to have an automatic 
cut-out, which will shut the current off from that lamp as 
soon as the resistance of the arc reaches a predetermined 
amount, but without affecting the supply of current to 
the other lamps. 

To accomplish this with the lamp just described an 
electro-magnet, T, is used, which is wrapped with two 
coils wound in the same direction (F.ig. 1 14). One coil is 
of fine wire in the 
shunt circuit ; the 
other is of coarse 
wire, which termi- 
nates in the but- 
ton, M". When the 
resistance of the 
arc reaches the 
predetermined 
amount the elec- 
tromagnet, T, be- 
comes sufficiently 
energized to at- 
tract the armature, 
A. This brings together the two buttons, M" and M', 
which closes a short circuit between the terminals, X and 
Y, by means of the coarse coils wrapped around T. A 
path is now given to the current, which can pass on to the 
other lamps, the faulty lamp becoming extinguished, and 
the buttons, M" and M', being strongly held together by 
the magnetizing force of the main circuit. If, however, 
the upper carbon should now feed, or be brought into 
contact with the lower carbon, the electro-magnet, T, 
will be short-circuited, the buttons, M" and M', will 




Fig. XI 4. 
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be separated, and the arc be re-established. Should the 
upper carbon fail to feed, however, the short circuit 
will be maintained and the current will pass on to the 
other lamps. 

Clutch Lamps ; Clockwork Lamps.— It will be 
noticed that in the lamp described the action depends 
upon a dififerential action on a clutch which grasps the 
upper carbon-rod of two electro-magnets, one in the 
main, the other in a shunt circuit. The majority of the 
series lamps in use fall under this general description. 
Lamps of this kind are said to work on the " clutch prin- 
ciple." There is, however, another large class which are 
said to work by " clockwork." 

Clockwork Lamps.— In most of these the upper car- 
bon-rod has a rack along its length, in which engage the 
teeth of a wheel which forms the first of a series of geared 
wheels. The upper carbon is raised by an electro-magnet 
in the main circuit attracting an armature, which is so ar- 
ranged as to lock the last wheel of the gearing with a 
pawl, or detent, and at the same time raise the upper car- 
bon-rod. It is clear that the weight of the carbon-rod 
tends to set in motion the train of gearing connected to it. 
To retain the rod in position, therefore, it is only neces- 
sary to keep a detent between the teeth of the last wheel. 
This detent is usually held in position by a spring, whose 
action is resisted by the attraction of an electro-magnet in 
a shunt. When the current through this shunt magnet 
becomes sufficiently strong (by reason of the increased 
resistance of the arc) the attraction of the magnet over- 
comes the force of the spring. The detent is therefore 
withdrawn, thus allowing the gearing to revolve and the 
carbon to descend until the amount of separation is so re- 
duced that the shunt magnet has no longer power to keep 
the detent out of the teeth of the last wheel. The detent, 
being then forced in by the spring, locks the gearing and 
keeps the upper carbon stationary until the resistance of 
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the arc again becomes so great as to occasion the with- 
drawal of the detent. It is clear that very delicate action 
and a very gradual "feed " may be obtained by using a 
sufficient number of wheels. 

Jablochkoff Candles. — These consist of two paral- 
lel sticks of carbon separated by an insulating substance 
(Fig. 1 1 5), In some electric candles made on 
the JablochkofT principle this is simply air, 
but in those designed by the inventor it is 
some refractory material which fuses as the 
carbons waste, and increases the brilliancy of 
the light. Many materials have been used; 
that at last decided upon being a mixture of 
sulphate of lime and sulphate of barytes. 
The name given to the insulating material is 
" colombin," 

The tips of the carbons are pointed, as 
shown in Fig. 115, and in order to allow the 
current to pass between them at the tirst 
a stick of conducting material is secured to 
both, as shown. As the positive carbon 
wastes much more rapidly than the nega- pig. .15. 
tive one, it is necessary to use alternating 
currents with lights of this description; and from what 
has been said about charging and discharging Unes it 
will be readily understood that the use of alternating 
currents upon a large scale is very uneconomical, in- 
volving considerable waste of energy. In any general 
system of electric distribution, moreover, motors are to 
be included as well as lamps; and alternating currents are 
not suitable for motors as at present constructed. To 
Jablochkoff must, however, be accorded the distinction of 
being the first to make electric lighting upon a large scale 
a practicable thing. Previous to his invention the voltaic 
arc was but a scientific toy and had no practical or com- 
mercial value. 
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Incandescence-arc lAmps. — In these lamps a 
small pencil of carbon connected 
with one pole of a generator is 
forced up into loose contact with 
a surface — often of carbon also — 
which is connected to the other 
pole (Fig. ii6). The carbon pencil 
is so small that it opposes a great 
resistance to the current, and is 
therefore raised to incandescence. 
The contact between it and the op- 
posing surface is so imperfect that 
a small voltaic arc plays between 
them, whose light is added to that 
emitted by the incandescent pencil. 
In Fig. ii6 the little pencil of 
carbon is represented as being held 
up against the lower surface of a 
carbon block by the weight. 
_. The light given out by incan- 

descence-arc lamps is exceedingly 
steady, and is not so harsh and brilliant as that of the vol- 
taic arc. It is not so economical, however, and has never 
come into extensive practical use. 

The Soleil Lamp. — A modification of this lamp is 
found in the Soleil, represented in Fig. 
117. In this the two carbons, B and C, \\b r// 



lie inclined in grooves whose ends are 
contracted, so that the carbons cannot 
descend below the position indicated. 
The block, A, is made from some refrac- 
tory substance, Hke marble or com- 
pressed magnesia, and is recessed on its under side. A 
carbon strip joins the two ends of the carbons and per- 
mits the current to pass and establish the voltaic arc. 
When this is accomplished the lower surface of the mar- 
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Fig. 118. 



ble becomes intensely heated, and soon emits a beautiful 
light, whose color depends upon the 
nature of the material. With marble 
the color emitted is nearly white with 
a golden tinge, while with com- 
pressed magnesia the light is almost 
purely white. This lamp has been 
used considerably in Paris, and with 
excellent results as regards beauty 
and steadiness of illumination (Fig. 
118). 

It is clear that, even if there be 
slight irregularities in the working of 
the machine or in the burning ol the 
carbons,- the incandescent marble will not immediately 
part with its heat, but will continue to radiate a steady 
light for even several seconds. 

As regards economy, it has been found that these 
lamps consume more power than arc lamps giving the 
same amount of illumination. This is largely due, doubt- 
less, to the loss in the conductors from alternating cur- 
rents. The cost of the burning of the marble is also to 
be taken into account. Its simplicity and durability, how- 
ever, and the steadiness of the light, are great elements in 
its favor. 

Iiicaiidesceiice Lamps.— For giving a mild and 
gentle light, suitable for indoor illumination, lamps are 
made which consist simply of a curved filament of car- 
bon, about the size of a coarse horsehair, sealed in a bulb 
of glass from which air has been exhausted. The resist- 
ance opposed by this filament to the passage of the cur- 
rent is so great as to develop an amount of heat sufficient 
to raise it to a white heat of great steadiness and purity. 

Experiments were made without number during many 
years upon platinum wire. This material would, when 
a current was forced through it, emit a light which was 
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all that could be desired. It was not found to be suffi- 
ciently durable, however, and the scarcity 
and high cost of platinum precluded its use 
upon an extended scale, 

Starr's Lamp (Fig. 119). —The use of 
incandescent carbon in a vacuum was in- 
vented as early as 1845 by an American 
named Starr, who died two years afterwards, 
I without ever securing the fruits of his inven- 

! tion, or even a patent. A patent upon it was, 

however, taken out in England, but in the 
name of one King, to whom Starr had im- 
parted the knowledge of his invention. The 
records of Starr's experiments bear a strong 
resemblance to those of modern inventors 
who have followed in the path he pointed 
out. 

Modern Lamps. — The incandescence 
lamps which have thus far come most exten- 
sively into practical use are those of Mr. 
Edison and Mr. Maxim, of New York, and 
Mr. Swan and Mr. Lane-Fox, of England 
(Figs. 120, 121, 122, 123). All of these gentle- 
men follow the same processes in general, 
* "'■ but differ largely in the details of construc- 
tion and manufacture. Bamboo fibre, cotton thread 
treated with sulphuric acid to render it structureless, 
parchment and grass fibre, are the materials most gene- 
rally used. These are made .into suitable shapes, and are 
subjected to intense heat. Mr. Maxim heats a paper fila- 
ment to a high degree of incandescence in the presence of 
gasoline or other hydrocarbon, which becomes decom- 
posed and deposits a hard, firm, and homogeneous layer 
of carbon upon the incandescent filament. 

After a carbon filament has been formed it is attached 
to platinum wires whicH are to connect it to the circuit 
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(Fig. 120). These platinum wires are fused in a glass 
plug, B, in the base of a glass bulb, E, which is to for n he 




exterior of the lamp. The extremities of the filament are 
enlarged (Fig. 124), in order to facilitate its attachment to 
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the platinum wires. This is accomplished by Mr. 
Edison by clamping the two ends of the carbon 
upon the ends ol the platinum wires and electro- 
plating the junctions. In the lamp of Mr. Lane- 
Fox (Fig. 123) a quite different method is used 
of connecting the filament to the outside circuit. 
The ends, c, of the carbon filament are connected 




to fine platinum wires, *, which are fused in the 
solid bottoms of the glass tubes, e, containing 
mercury ; and into these mercury vessels dip the 
terminals, /, to which are connected the wires of 
the outside circuit. After a carbon filament has 
been secured to the platinum wires the glass plug 
in which these platinum wires are fused is fused 
into the base of the lamp, the opening at the top 
of the lamp (Fig. 125) is attached to an air-pump 
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and the lamp is put in an electric circuit. The pump 
now begins to exhaust the air from the bulb, and at the 
same time a current is sent through the filament, raising 
it to incandescence. The circuit is then broken 
and the filament allowed to cool ; afterwards it 
is raised to a higher incandescence than before, 
the exhausting process still continuing. The al- 
ternate heatings and coolings to which the car- 
bon is now subjected not only test it severely 
as to its suitability for practical use, but they 
also serve to drive out any gases or vapors 
which may have become occluded in the pores 
of the carbon. When the exhaustion has be- 
come very perfect the neck of the bulb is sealed 
and removed from the air-pump. At the bot- 
toms of the lamp the platinum wires of the 
Edison and Maxim systems so terminate with 
reference to the sockets upon which they are to 
rest that the simple act of placing the lamp upon 
its socket makes connection with the circuit 
automatically. In the former lamp the act of screwing 
the lamp into its socket brings the terminals of the lamp 
into the proper place; while with the latter the hooked 
terminals in the ends of the conductor within the socket 
are raised by the knobs shown, and hooked into the looped 
ends of the terminals of the lamp, the spring in the socket 
securing the lamp in position and necessitating a good 
contact. 



CHAPTER XIV. 

ELECTRIC MACHINES. 

The discovery that electric currents could be gene- 
rated in conductors by moving magnets in their vicinity, 
or by moving them in the vicinity of magnets, attracted at 
once the attention of that class of men who are ever on 
the alert to adapt the forces of Nature to the practical re- 
quirements of civilized life, and inventors at once set to 
work to devise mechanical means for generating powerful 
currents by the relative motion of conductors and mag- 
nets. For many years they groped in the dark, their suc- 
cesses being the result of accident and experiment rather 
than of calculation. Now, however, that the magnetic 
nature of the current is known, and the relation between 
electro-motive force and magnetic lines of force is under- 
stood, the action of electric machines is an easily-compre- 
hended matter, so that we can reason from cause to effect 
on theoretical grounds. 

It will be remembered that we found a positive cur- 
rent to be induced in a circuit by decreasing the number 
of lines of force embraced by it. and a negative current to 
be induced by increasing them. It will also be remem- 
bered that we found that if a conductor be moved past a 
magnet-pole to the left of a person swimmmg in the con- 
ductor and looking along the positive direction of the 
lines of force, he will be swimming against the current in- 
duced by the motion ; but that it the conductor be moved 
to his right he will be swimming with the current. In 
all the electric machines used at the present day we find 
simply different appliances for adapting these principles. 
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In many of the earlier forms of electric machines the 
movement was a reciprocating one, magnets being by this 
means alternately approached towards, and withdrawn 
from, conductors ; in later machines, however, it has been 
found much less wasteful of energy to produce more gra- 
dual magnetizations and demagnetizations than were thus 
produced, and a rotary motion has been substituted. The 
forms assumed are almost innumerable, but they may all 
be divided, as shown by Prof. Silvanus Thompson, into 
three general classes. 

In the first class, coils of wire are moved bodily 
through magnetic 

fields of different 
strength or in which 
the lines of force run 
in opposite direc- 
tions. As the strength, 
of a magnetic field 
may be considered as 
proportional to the 
number of its lines of 
force this action re- 
■sults in altering the 
number of lines of 
force embraced by each coil, and therefore in inducing 
in it electric currents (Figs. 126 and 127). 

In the second class the coils are rotated between 
two dissimilar magnet-poles in a field of nearly uniform 
strength. In this way they are made to present different 
angles to the lines of force running from the north pole 
to the south, so that they embrace different numbers of 
lines of force (Fig. 128). It is clear that when a coil 
lies parallel to the lines of force no lines ol force pass 
through it, but* that when it lies perpendicular to the 
lines of force the number of lines of force passing through 
it is at a maximum. 




Fig. 126. 
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In the third class a continuous cutting of lines of 
force is produced by rotating a conductor about the 
pole of a magnet 
(Fig. 129). 

The machines 
first constructed, 
called " magneto- 
electric " ma- 
chines, belonged 
to the first class. 
Fig. 130 repre- 
sents an early 
type of such a 
machine, in 
which the two 
coils, A and B, 
Fig. ,„. were revolved 

about the axis^ 
C, by turning the hand-crank, H. The alternate increase 
and decrease of the lines of force embraced by each coil 
induced in it currents whose direction changed twice 
during each revolu- 



r**v- 



tion. The coils were 
connected together 
in the manner shown 
in Fig. 127, so that 
though the currents 
in the coils at any in- 
stant were in oppo- 
site directions, thev 
still formed one 
continuous current 
through both coils. 

In order that the currents generated could be so com- 
bined as to produce a continuous current, a "collector," 
or, as it is sometimes called, a "commutator," was used. 
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The Commutator. — Fig. 131 shows a commutator 
in which two insulated 
metal strips, connected 
to the coils of the 
machine, are secured 
to an axle. Two brass 
or copper brushes, to 
which are connected 
the wires of the circuit, 
press upon the commu- 
tator. It is clear that 
as the coils and axle are 
revolved each brush 
presses in succession 
upon each metal strip, *■'£■ '"9- 
S and S. The brushes and commutator-strips are so ar- 
1 ...:.L _,i„^Jqj^ jq g^^j^ other 

H urrent in the coils 

ection each brush 
mmutator-strip to 
it the current in 
ne brush to the 
ain in the same 

"  machines of this 

e those of Sie- 
/■allace and Far- 
mer, Gordon, 
and Wilde, in 
all of which the 
same general 
principles are 
apphed. 

The Sie- 
pjg. ,y,. mens Alter- 

nating-Current Machine. — As a modern type of 
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this class the Siemens altemate-current generator may 

_ be described. As will be 

^^^^^L seen from Fig. 132, the 

jf^^^^^^K^ coils are carried around 

^^Hjj^^^pF between the opposite poles 

^^^^^W^^ of ^^ stationary coils 

^P^^^B^ which project Irom the 

I I upright standards shown. 

These stationary coils are 

so arranged that alternate 

poles follow each other 

"*'^'' around the circuit and lie 

opposite each other. In most machines of this class the 






magnets are excited by currents furnished by a sepa- 
rate machine. As the successive coils are oppositely 
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placed as regards the poles of the magnets between 
which they lie, so that the currents are in opposite direc- 
tions in adjacent coils, it is, of course, necessary to con- 
nect the coils in the manner shown in Fig. 137, in order 
that the currents may have a continuous circuit through 
all the coils. 

Machines of the second class are by far the most nu- 
merous, efficient, and important. One of the 
earliest was that of Siemens, in which the 
coils were wound in a longitudinal groove in 
a long armature (Fig. 133), which is revolved 
between the two poles, A and B, of a power- 
ful magnet (Fig. 134). In later forms of the 
Siemens continuous-current machine the 
coils are very numerous, and are wound so 
as to enclose the whole cylinder, in the man- 
ner shown in Fig. 135. The action of this 
machine may be conveniently studied by 
considering the effect on each wire as it pass- 
es the pole of each magnet. Remembering 
that if a conductor be moved past a magnet- 
pole to the right of a person swimming in 
the conductor and looking along the positive 
direction of the lines of force he will be 
swimming in the current induced by the mo- 
tion, we see that if the armature be rotated 
in the direction of the hands of a clock (the 
pole A being a north pole) the current will 
be towards the back of the picture in the 
upper turns, and towards the front in the ^'s- "33- 
lower turns. 

The ends of each coil are connected to two successive 
strips on the commutator which are insulated from each 
other, so that a continuous circuit is formed around the 
whole armature, each collector strip, forming a connec- 
tion between each two adjacent coils. The advantage of 
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having a large number of coils lies in the fact that by 
this means a more uniform current is generated. If but 
two coils are used the current in each rises to a maximum 
and falls to zero during 
each revolution, so that 
the current generated 
partakes of the same un- 
dulating character. If 
we have a large number 
of coils, however, the 
current in some coil is 
at a maximum at the in- 
stant when that in an- 
other is at a minimum, 
so that greater uniformity of current is secured. 

Edison's Machiue. — As the conductors which lie 
lengthwise upon the drum are the only ones which do 
much service in cutting lines of force, it is advisable to re- 
duce the resistance of the conductors that connect the 
wires upon one side of the armature to those on the other 
side. Mr, Edison accomplishes a very considerable reduc- 
tion by using copper discs for this purpose. Edison's ma- 
chine being intended to furnish a large current of not very 
high electro-motive force, it is not necessary to cut a very 
great number of lines of force per second, but it is necessary 
to have the resistance of the machine very small. It is 
not necessary, then, to revolve the armature at a very high 
rate of speed or to use very many turns on the armature. 
Mr. Edison replaces the wire coils of the armature by 
copper bars, which are connected to each other across the 
armature by discs at the ends of the armature, and each 
of the bars of the collector is connected to one of the discs 
at the adjacent end of the armature (Fig. 136). The core 
of the armature is made of thin discs of iron insulated 
from each other by sheets of tissue-paper, so as to pre- 
vent the passage through the core of what are called 
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" Foucault currents." These are currents which are in- 
duced in any mass of metal when it is revolved in the 
vicinity of magnet-poles. The induction of these currents 
not only occasions needless waste of energy, but the 
currents themselves heat the metal and therefore the 



■encircling wires, and so increase their resistance. In 
Mr. Edison's lighting systems the motive power for 
turning the dynamo is not transmitted by belting, as is 
■ordinarily done, but the engine takes hold of the dynamo 
shaft direct (see frontispiece). The engine has a speed of 
about three hundred and forty-five revolutions per 
minute, which, with the type used, it has been found 
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thoroughly practicable to continue for several days and 
nights in succession. Quite recently an engine of one 
hundred and seventy-five horse-power, used for running 
one of Mr. Edison's dynamos in his sta- 
tion in New York, ran incessantly for 
sixteen days and sixteen hours without 
accident of any kind. 

Westpon'H Machine. — One of the 
machines found raost efficient in prac- 
tice is that shown in Fig. 137. The 
armature-core is made of discs of iron 
placed one after another upon a spindle, 
and separated from each other by thin 
washers not so wide as the discs, so 
that there is an annular air-space be- 
tween each two contiguous discs. 
After ail the discs are on the armature 
presents the general appearance shown, 
and after the end pieces are put on 
coils of wire are wound in the longi- 
tudinal grooves and connected to the 
^' ''"■ collector. The rotation of the arma- 

ture forces air through the numerous air-spaces, so that 
the coils are kept cool, and the sectional form of the ar- 
mature prevents " Foucault currents." As usually con- 
structed the field-magnets are in shunt. It was the Wes- 
ton machine which was selected for use as the motor in 
the electric railway at the recent Chicago Exposition, 
and it is the one used to supply the lamps on the Brooklyn 
Bridge. 

Oramme's Machine. — Gramme's machine, a practi- 
cal form of the invention of an Italian, Dr. Facinotti, is 
represented in Fig. 138. In this machine the revolving 
coils are wound around a ring (Fig. 139) which can be re- 
volved about an axis perpendicular to its plane. In 
rotating the coils successively approach and recede from 
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the magnet-pole, thereby presenting varying angles to 
the lines of force running from the north to the south 
magnet-pole (Fig. 128). Each coil is connected to two 



!■ ig. 13a. 

adjacent strips of the collector, and each strip acts as 
a connector for two adjacent coils, so that a continu- 
ous circuit is thus formed around the armature. The 
collector plays in this machine, and, in fact, in all electric 
machines designed for furnishing continuous currents, the 
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same part — i.e., it collects the alternating currents gene- 
rated in the armature, and delivers them as a continuous, 
uniform current to the 
brushes connected with 
the outside circuit. 

Brush's Machine. 
— A very successful 
modification of the 
Gramme machine is that 
invented by Mr. Brush, 
of which a representa- 
tion is given in Fig. 140. 
The great peculiarity of 
the Brush machine lies in 
' '"' the arrangement of the 

collectors and the coils, whereby each pair of the four pairs 
of coils is in turn cut out of the circuit during one-eighth 
of a revolution, so that there are only three pairs of coils 
in circuit at one time. The object in doing this is to 
got rid of the waste of energy necessitated by sending 
a current through one i)air of coils during the time at 
which they are doing little good and cutting few lines of 
force, A little consideration will show that this is when 
the coils arc vcrv nearly at an angle of ninety degrees to 
the lines of force ; for at this time the number of lines of 
force i«issiug through these coils is at a maximum, but 
their r.j.v ef </iit»^,- at a minimum, because the rate of 
change varies as the ct>sinc o( the angle. The manner in 
which the useless pair of aiils is cut out ol the circuit is 
shown iu Fig, 141, As will l>e seen, there are two sets of 
bnishes and lour c<>mnnitati>rs, one ci^mmutalor for each 
l»;ur of i»ils, I^ich bru:"h is ni.nde to touch the conimuta- 
toi-s of two jviirs of coils, which are not contiguous, but at 
right angles to each other. The two strips of each com- 
mutator are so}x»rated fn.^ra each other by about ooe- 
eighth o! the circumference: so that whenever these in- 
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sulating spaces come under a brush the pair of coils 
corresponding to this commutator are cut out of the cir- 
cuit. Now, the brushes are so placed that they come over 



these insulating spaces just at the time when the coils cor- 
responding are in the position of minimum action; and 
they come into contact with the strips ol the commutator 
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again when they are approaching a position of greater 
effectiveness. 

In this machine the four pairs of coils form four inde- 
pendent machines, the two coils of each machine being in 
series ; but the four machines are joined in two pairs by 
the arrangement of the collector, the two machines thus 
formed being joined in series at the last, so as to generate 
one continuous current of high electro-motive force. Of 
the two machines thus joined in series, one has one pair 
of coils in the position of maximum effect, the other pair 
in the position of minimum effect, and therefore cut out. 
The other machine has both pairs of coils in circuit, and 
both in positions of medium effect. The current finally, 
generated may, therefore, be said to be that of two ma- 
chines joined in series ; one machine having two coils in 
series in a position of maximum effect, the other machine 
being composed of two machines joined in parallel, each 
of these machines consisting of two coils joined in series 
and lying in positions of medium effect. 

Though the theory and the connections of the Brush 
machine seem very complicated, yet the construction and 
operation are quite simple. The results secured in prac- 
tice, moreover, are such as verify the theoretical advan- 
tages of cutting out the useless coils. 

Machines of the Third Class. — Machines of the 
third class have been constructed and used, but never to 
any considerable practical extent. In most of these a con- 
ductor is made to rotate about one pole of a magnet in 
some such way as that represented in Fig. 129, so that it 
effects a continuous cutting of the lines of force sent out 
from the pole. Remembering the rule that if a conductor 
be moved to the right of a person swimming in the con- 
ductor and looking along the positive direction of the 
lines of force he will be swimming with the current in- 
duced by the motion, we can easily predict the direction 
in which a current will flow in a machine of this class. 
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Excitation of Magnets. — Remembering that the 
electro-motive force furnished by a machine (usually called 
a ** dynamo machine/* or simply " dynamo ") is dependent 
upon the rate of cutting lines of force, and that this is 
dependent upon the velocity of rotation, the number of 
turns of wire in the armature, and the strength of the 
poles between which the armature is revolved, we see the 
importance that the method used for exciting the magnets 
assumes. There are five general systems for exciting the 
magnets of a machine (called the " field-magnets "), and 
machines are sometimes divided into five classes, accord- 
ing to the system used : 

1. Those in which the field-magnets are permanent 
magnets of high steel. Machines of this kind are called 
*• magneto-electric machines.'* 

2. Those in which the field-magnets are of soft iron 
wrapped with wire coils traversed by a current from 
another source of electricity, such as a battery or an- 
other machine. These are called " separately-excited ma- 
chines.** 

3. Those in which the field-magnets are made of soft 
iron wrapped with coils of wire traversed by a current 
generated by the machine itself — that is, the current, on 
leaving the brushes, passes around the field-magnets and 
excites them before passing to the external circuit. The 
action of this machine is due to the fact that, no matter 
how soft the iron of the field-magnets may be, after it has 
once been magnetized it retains a trace of residual mag- 
netism. When the armature is set in rotation by a belt 
irom an engine or by other means, this slight magnetism 
mduces a miniature current in the coils of the armature, 
which current, going around the field-magnets, increases 
their magnetization a little. This increases the current in 
the coils of the armature, which in turn increases the mag- 
netization of the field-magnets. The two forces keep re- 
acting upon each other in this way until the field-magnets 
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have reached their point of saturation, or until they have 
reached the highest degree of saturation obtainable with 
the speed of rotation used. Such a machine is called a 
" series dynamo," the armature and magnets being in 
series. 

4, Those in which the field-magnet coils are traversed 
by a current which is taken as a shunt from the brushes.. 
In this machine the current from the armature, on reach- 
ing the brushes, splits into two parts, one part going out 
into the external circuit, the other part going around the 
field-magnets. The advantage of this mode of excitation 
lies in the automatic adjustability which it effects. In 
case the external resistance increases more current is 
shunted through the field-magnets, so that their magneti- 
zation, and therefore the electro-motive force of the ma- 
chine, is increased. In case, on the other hand, the exter- 
nal resistance is diminished less current is shunted through 
the field-magnet coils, so that their magnetization, and 
therefore the electro-motive force of the machine, is de- 
creased. It might appear at first sight as if this method 
of excitation would not be suitable for supplying incan- 
descence lamps in multiple arc or parallel, for the rea- 
son that lighting more lamps calls for more current, and 
yet decreases the external resistance, because it gives more 
branches for the current to traverse. But by having a 
set of adjustable resistances in the shunt circuit, as Mr. 
Edison does, the magnetism of the coils may be increased 
or decreased at will by an attendant's cutting out or in- 
troducing resistances, so that the electro-motive force of 
the machine may be kept constant, no matter how many 
lamps are lit or extinguished. Dynamos of this kind are 
called " shunt-wound dynamos." 

5. Those in which the field-magnets are excited by a 
combination of the two preceding methods — ^that is, both 
by coils in series with the armature and in shunt. 

The -early types of machines used permanent or steel 



194 ELECTRICITY IN THEORY AND PRACTICE. 

magnets as field-magnets; but for the reason that steel 
cannot be magnetized so strongly as soft iron, and for 
the reason that the electro-motive force of a machine 
depends, as has been shown, on the strength of the poles 
between which the armature revolves, it has been found 
more economical to substitute electro-magnets. A cer- 
tain portion of the current is taken from the external 
circuit, in order to excite the field-magnets, but this loss, 
it is found in practice, is more than compensated by the 
increase in electro-motive force. Steel magnets are, 
moreover, more expensive than soft-iron ones. For very 
small machines , however, such as those turned b}^ hand 
to ring the bells used as calls in telephone apparatus, 
steel magnets are found to be preferable, and are em- 
ployed in practice. 

From the fact that the iron in the armature becomes 
heated by the Foucault currents generated in it by being 
revolved between the poles of magnets, and by the rever- 
sals in magnetism produced by the alternating of the cur- 
rents traversing it, it might seem better to substitute for 
iron some non-magnetic and non-conducting substance, 
like wood. The use of wood would certainly obviate the 
difficulty, but it would decrease the electro-motive force 
of the machine, because it would decrease the number of 
lines of force running from pole to pole of the field-mag- 
nets through the armature. Iron, it will be remembered, 
gathers up lines of force by offering to them a better 
pathway than air does ; so that the iron of the armature 
core gives more lines of force to be cut by the revolving 
coils, and therefore increases the electro-motive force. 

In some machines the armature is made hollow, in 
order to get a good draught of air through it, so as to 
cool the wires ; and a stationary iron piece lies inside to 
concentrate the lines of force. 

Characteristic Curves of Dynamos. — These use- 
ful curves, first suggested by Dr. Hopkinson, and since 
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used by Marcel Deprez and many other scientists, offer 
graphic representations of the characteristics of machines. 
To lay off the ** characteristic " of any dynamo at any 
speed, disconnect the field-magnet coils from the armature- 
coils, and excite them separately by an exterior source. 
Now set the armature revolving at the given speed, and 
measure the strength of the current sent through the 
field-magnet coils, and then the E. M. F. of the armature 
produced by revolving it between the field-magnets, mag- 
netized by that strength of current. Now lay off the two 
lines Y and X (Fig. 142), meeting at O. Divide both by 
the same scale, and lay off on X the distance, O B, equal to 




Fig. 14a. 

the strength of the magnetizing current in ampferes, and 
then lay off on Y the distance, O C, equal to the resulting 
E. M. F. in volts. Erect the perpendiculars D B and D C. 
The point of intersection, D, will be one point of the 
characteristic. 

Now increase the strength of the magnetizing current 
by regular degrees, measure the E. M. F. for each current, 
and erect perpendiculars as before. Join the different 
points of intersection, and the curve thus produced will 
be the characteristic curve for that velocity of rotation. 
It is obvious that the characteristic for the same machine 
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if worked at a diflferent speed will be dissimilar, because 
the E. M. F. for any given strength of magnetizing 
current will be greater if the velocity of rotation is 
greater, and will be less if the velocity be less, because the 
E. M. F. depends upon the number of lines of force cut 
per second. But, having the curve for a given speed, the 
only thing necessary in order to get the curve for another 
speed will be to multiply the ordinate for each strength 

of current by the fraction — , in which v is the velocity 



V 



for which the curve is constructed, and v' the velocity for 
which the characteristic is desired (^Fig. 143). Knowing 




Fig. M3. 

the characteristic for any machine, we can now connect 
the armature and field-magnet circuits. On now measur- 
ing the strength of current produced we have simply to 
take the ordinate of the curve, corresponding to the ab- 
scissa representing the strength. In other words, if Fig* 
142 represents the characteristic of a machine for any ve- 
locity of rotation, and we find a strength of current in 
the magnets corresponding to O B, then the E. M. F. must 

E E 

be B D. And as C = p-, R = p ; so that the tangent of 
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the angle DOB must be the resistance, because this tan- 

E 
gent = g. 

It is clear that we can tell from the shape of the curve 
the relations of the current to the magnetization of the 
magnets. The curve at first rises rapidly, showing that 
for the weaker currents the E. M. F. increases rapidly, 
and therefore the magnetism in the magnets, but that 
after a while any increase in the magnetizing current has 
but little influence in increasing their magnetism ; in 
other words, that the magnets are near their point of 
saturation, as shown by the very gradual rise of the curve 
after passing the point H, for instance. 

In the curve represented in Fig. 144, let D O X = the 

total resistance 
r -\- X oi the cir- 
cuit, in which r is 
the resistance of 
the machine and 
X that of the ex- 
ternal circuit, and 
let E O X = the 
resistance, r. 

Then that por- 
tion of the total 
E.M.F., BD, util- 
ized in overcoming the resistance of the machine must 
s be F B, and that left for the external circuit the part D F. 
The greater D F, the greater the potential at the terminals 
of the machine. •This shows us at once the necessity for 
making the internal resistance of the machine as small as 
possible. 




Fig. 144- 



CHAPTER XV. 

ELECTRO-MOTORS. 

An electro-motor may be said to be the converse of a 
dynamo, because an electro-motor is a device for convert- 
ing electrical into mechanical energy, while a dynamo is 
a device for converting mechanical into electrical energy. 
A good illustration of the relations between dynamos and 
motors may be found in the Bell telephone, for the trans- 
mitter converts the mechanical energy of the vibrations 
of the diaphragm into elec- 
trical energy, and the re- 
ceiver converts this electrical 
energy back into mechanical 
energy. The electro-motor 
used in practice, however, 
has a rotary motion, which 
is much more capable of 
being transmitted to ma- 
chinery than a reciprocating 
one. 

The analysis already made 
of the action of the dyna- 
mo will, if reversed, apply 
very nearly to that of the 
electro-motor. In fact, if a 
strong current be passed 
*■'«■ '«■ through a dynamo it will 

immediately become an electro-motor and take up a ro- 
tary motion. 

A very simple form of electro-motor, though not a 
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very efficient or modem one, is that shown in Fig. 145. 
The current enters by the brushes, A and A', passes to 
two strips on the collector, C, and then around the coils, 
N' and S'. The north pole, N, of the permanent magnet » 
attracts the south pole, S', formed at one end of the iron 
yoke, and the south pole, S, of the permanent magnet 
attracts the north pole, N', formed at the other end. 

This yoke being capable of revolution about the cen^ 
tral spindle, N' and S' are attracted to S and N respec- 
tively. Just at the instant, however, that they arrive op- 
posite the attracting poles, the collector, C, in revolving 
brings under A the strip formerly under A', and brings 
under A' the strip formerly under A (Fig. 146), so that 
the brushes slip from one to the other, 
and thereby reverse the current in 
the coils and cause N' and S' to 

immediately interchange polarities. "^1^ B r >- 

They are therefore instantly repel- 
led from the poles formerly attract- 
ing them, but their momentum has by this time carried 
them by N and S, so that the direction of repulsion is 
the same as that of the former attraction. The rotation, 
continuing, brings them now under the influence of 
attracting poles, so that the action just considered is 
again repeated and a continuous rotating motion is estab- 
lished. This motor, it will be noticed, is very nearly the 
exact converse of the electric machine first considered, 
and it will be seen that in the motor, as in the generating 
machine, the external current is continuous, and the 
internal alternating. 

For the reason that steel cannot be given as high a de- 
gree of magnetization as soft iron, and that it costs more, 
motors are usually made in which the field-magnets are 
electro-magnets. It is evident that the magnet represent- 
ed in the figure could be replaced by an electro-magnet 
simply by replacing the steel magnet with a similar shape 
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of soft iron, and wrapping one of the wires, W, around it 
between the binding-post, b, and the brush A'. The action 
in this case is, of course, the same as when the steel mag- 
'net is used. 

Slemens's Machine makes an excellent motor. The 
action of the early form of machine, shown in Fig. 147, is 
very similar to that just 
described. The arma- 
ture in this case is a long 
electro-magnet, of which 
a and b are the poles. 
The current traversing 
its coils forms, let us sup- 
pose, a south pole at a and 
a north pole at b, so that 
these poles are attract- 
** •*'• ed by the north pole, A. 

and the south pole, B, of the field-magnets respectively. 
When a gets opposite A, and b gets opposite B, the cur- 
rent in the armature-coils is reversed by reason of the 
brushes interchanging collector strips ; so that a now be- 
comes a north pole and b a south pole, and both are re- 
pelled. But by reason of the momentum of the arma- 
ture this repulsion is in the same direction as the attrac- 
tion was; so that a continuous rotary motion is set up, 
just as in the case last considered. In both of these mo- 
tors, where there are but two strips on the collector, a 
disadvantage will at once be noticed, arising from the fact 
that there are "dead-points." When S' is directly oppo- 
site N, and N' directly opposite S, the force between the 
two pair is in a line perpendicular to the axis, and has no 
tendency to produce rotation. The motor is then in ex- 
actly the same position that a single engine is when the 
piston is either at the end or the beginning of its stroke. 
The momentum of the moving parts in both cases carries 
them past the dead-point after momentum has once been 
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established • but undesirable interruptions may often oc- 
cur in starting. To obviate this trouble in steam-engines 
two cranks are used, one ninety degrees in advance of the 
other upon the shaft ; in electro-motors a number of turns 
are wound at angles to each other upon the armature, as 
in the modern types of Siemens and Gramme machines. 

The action of the modern type of Siemens machine 
will be easily understood if we remember the analysis of 
its action as a generator. Each conductor of the armature 
when near a pole is deflected to the right or left, accord- 
ing to the principle already laid down in discussing the 
relative actions between a conductor and a magnet-pole. 
For it is clear that, if a fixed conductor traversed by a 
current will move a free magnet-pole, then if the conduc- 
tor be free and the magnet-pole fixed the conductor will 
be deflected in the opposite direction. Now, in a Siemens 
machine used as a motor we find simply a number of con- 
ductors traversed by currents deflected in succession by 
magnet-poles. Remembering the direction in which lines 
of force run around a conductor—/.^., in the same direc- 
tion as the hands of a clock move, as seen by a person 
looking in the direction the current flows— we see the 
rationale of the following rule, which is the converse of 
Amp6re*s rule already given for predicting the direction of 
deflection of a magnet-pole : Imagine a man swimming with 
the current in a conductor opposite either the north or the south 
pole of a magnet^ and looking along the positive direction of 
the lines of force {that is, away from the north pole or towards 
the south pole) ; then the conductor will be deflected towards his 
left. In case the conductor makes a turn between two dis- 
similar poles, as in the case of a Siemens electro-motor (see 
Fig. 148), then, as the line of sight is towards the south 
pole in both instances, the directive effects m both the 
upper and the lower turns will assist each other, and 
produce a rotation in the direction of the arrow. 

The position of maximum effect is clearly that of the 
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two conductors lying t»etween the two poles, and that of 
minimum effect is that 
held by two conductors, 
whose plane lies per- 
pendicular to the line- 
joining the poles. In. 
the former case the 
number of lines of force- 
I I embraced by the circuit 

I I of the two conductors. 

*^* '*•• is at a minimum, but 

the rate of change is at a maximum ; while the reverse 



^^ 



is the case with the circuit whose plane is perpendicular 
to the lines of force- Therefore the positions of maxi- 
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mum and minimum directive effect coincide with the 
positions of maximum and minimum generative effect. 

Keeping in mind the convenient rule just given, we can 
at once predict the direction of rotation of a Siemens 
motor, if we know the direction of the current. In Fig. 
149, which represents a Siemens series machine, in which 
A is a north pole, if the current in the upper turns of the 
armature is towards the front of the picture, the direction 
of rotation must be that of the hands of a clock, because 
' this is towards the left of a person swimming with the 
current and looking in the positive direction of the lines 
of force — i.ey towards the south pole. 

In the case of a Gramme machine used as a motor, or 
of any machine of the Gramme type, in which the arma- 
ture consists of a series of turns of wire coiled on a ring, 
the action can be studied by the same process of consider- 
ing the motor as a dynamo reversed. Observing the same 
rule as that observed in studying the action of a Siemens 
motor, and changing the diagram used in explaining it to 
that in Fig. 1 50, which represents two rings rotating about 
the axis, x Xy it will be 
seen that the currents 
in the inside of each 
ring tend to produce 
rotation in a direction 
opposed to that set up 
by the currents in the 
outside turns. The 
outer tiirns are, how- 
ever, in a more power- 
ful field and farther 
from the axis of rota^ 
tion, and therefore are 
enabled to produce rotation in a direction independent of 
that which the inner turns tend to produce. The inner 
turns, however, must exert a certain opposing force, and 
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Fig. 150 
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this force weakens the strength and velocity of the resul- 
tant rotation. The effect of the inner turns is, however, 
reduced to a minimum by the fact that the armature-core 
around which they are wound is of iron. 

It has already been shown that a magnetic substance 
offers an easier path to magnetic lines of force than the 
air offers, so that they will go through a magnetic sub- 
stance rather than through air, if the chance is offered. 
If, therefore, we place between two poles, N and S, an 

iron ring (Fig. 151), the lines of 

^^-21 — -HITJ^^ -->, force will rather pass through 

///<'-~:.'N^' "^'"y v\\ the substance of the rinfif than 

\\\L'/'7-Z^W^^^'''=^<S'^^'^ through the air-space inside, so 

^^|^2W^ ^^f-^MM ^^^ ^^^ inner space will be 

i'l\\">r"tr^^,_^ nearly destitute of lines of 

"^^^^^Z^'S^^ force". The ring acts, then, 

^^N^^^JjllJ^^----'^/ like a screen. Evidently this 

"" -.^ ^ is precisely the case with a 

^*' '*'• Gramme ring, so that the turns 

on the inside of the ring revolve in a field so weak that its 
effect is insignificant. The rotation of the ring of a 
Gramme motor is practically, therefore, dependent solely 
upon the direction of the currents in the outside turns. 

Direction of Rotation of Different Types.— The 
preceding remarks clearly apply to all electro-generating 
machines, whether their field-magnets be made of steel, 
be wound in series or shunt, or be separately excited. A 
slight consideration will show, however, that the direction 
of rotation is influenced by these conditions. 

1. Magneto Machines. — Suppose in Fig. 152 that a 
current in the direction indicated to be generated by re- 
volving the armature in the direction of the hands of a 
watch. If now we wish to use this machine as a motor, 
it is clear that we must send the current through in one 
direction or the other, according to the direction of ro- 
tation desired. For if we use a current in the same di- 
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rection as that generated, it will traverse the coils of the 
armature in the same direction, and, therefore, cause a 
reverse rotation. 

2. Separately-excited Dynamos. — The same re- 
marks clearly apply to a separately-excited dynamo, for 



the polarity of the field-magnets is likewise independent 
of the direction of the current (Fig. 153). 

3. Series Dynamo.— In this case we must make 
connections with the machinery we wish to operate by 
the motor, on the supposition that the armature will turn 
in the direction indicated by the arrow, no matter in what 
direction we send the current through. Suppose (Fig. 
1 54) that the dynamo, in revolving in the direction of the 
hands of a watch, generated a current in the directioo 
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shown, and that, desiring to use it as a motor, we sent 
through it a current in the same direction. The polarity 
of both magnet-poles and the direction of current in the 
armature-coils being the same, the rotation would clearly 
be reversed. Let the current now be reversed. The po- 
larity of the magnet-poles becomes instantly reversed, 



Fig. 1J4. Fig. ijs. 

but at the same time the direction of the current in the 
armature-coils is also reversed, so that the direction of ro- 
tation as a motor is the same in either case. 

4. Shunt Dynamo. — In this case a precisely con- 
trarj' state of affairs is found. Suppose that the shunt 
dynamo shown in Fig. 155 generates a current in the 
direction indicated when the armature is revolved in the 
direction of the hands of a watch. Wishing to use the 
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machine as a motor, let a current in the same direction 
be sent through it. This current, on reaching the lower 
brush, divides, part going through the armature and part 
through the field-magnet coils. But the direction of the 
current now traversing the field-magnet coils is in the op- 
posite direction to that generated, and the current in the 
armature-coils is in the same direction. Consequently 
the direction of rotation is unchanged. Let us now send 
a reverse current through. This divides at the upper 
brush, so that the currents both in the armature and the 
field-magnet coils are the reverse of those just considered ; 
therefore the direction of rotation still remains unchanged. 

Counter Electro-motive Force.— In all of these 
cases, however, no matter what the direction of the rota- 
tion, it is evident that this rotation must tend to produce 
a current due to the revolution of the conductors in a 
magnetic field, and that this current must oppose and 
weaken the actuating current. We have seen that for any 
given machine the electro-motive force uepends upon the 
velocity of rotation ; so that if a motor turns rapidly it 
must generate a greater counter electro-motive force than 
if it turns slowly. That this is advantageous will be 
clearly seen when it is considered that if a motor is doing 
work of any kind — in running a train or turning a circular 
saw, for instance — the effect of the work is to reduce the 
speed of the motor, and therefore call for more current 
from the generator, thus causing the consumption of more 
:zinc if a battery is used, or more coal if a dynamo and en- 
gine are used ; while, when the motor is doing no work, 
or very light work, it will spin rapidly around, thereby 
generating a high counter electro-motive force, which re- 
duces the strength of the actuating current and the con- 
sumption of zinc or coal, so that the consumption of fuel 
is regulated by the demands of the circuit. 

Regrulating Electro-Motors. — Yet the fact that 
electro-motors revolve with greater rapidity when doing 
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no work than when under a load necessitates some device 
for regulating their velocity of rotation; for it is clear 
that the gravest inconvenience would result in using a 
lathe, or other tool, if it would spin around at high velo- 
city as soon as the work was removed, for on bringing 
up another piece of work the shock might be so great as 
to injure the tool or perform other mischief. Therefore 
with electro-motors, as with all other kinds of machinery, 
we require some automatic device for keeping the speed 
constant. « 

In most of the devices which have been invented 
for producing this desirable result some arrangement is 
found by which the motor, on attaining a certain speed, 
automatically breaks the circuit, and does not establish 
it again until the speed of rotation has fallen to the prede- 
termined point. This is frequently done by having gov- 
ernor-balls attached to the motor, the angle at which they 
stand out depending, of course, on the speed ; so that 
when the speed has reached the prescribed limit, the balls, 
by virtue of the position which they then assume, force 
apart two points which were in contact, and across which 
the current was flowing. 

It is evident, however, that such a method of regula- 
tion cannot be otherwise than spasmodic in its action. 
A more scientific and satisfactory solution of the difficulty 
would appear to be that of Professors Ayrton and Perry, 
in which the government of the motor depends upon the 
action of the current alone, and not upon any mechanical 
additions. 

Ayrton and Peixy's Ck)vemor. — The action of 
their governor is based upon the fact that the counter- 
current generated by a motor varies with the speed of 
revolution ; and that in any dynamo or motor no current 
is generated until a certain speed, called the " critical *^ 
speed, is attained. The field-magnets of the motor are 
wound with extra coils of wire from the circuit in such a 
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direction that their effect is to demagnetize the field-mag- 
nets. These coils are so arranged, both in number and 
resistance, that when the motor reaches a predetermin- 
ed speed (the critical speed) the counter-current causes 
such an increase of current in the reverse coils wrapped 
around the field-magnets that their magnetization, and 
therefore the speed of the motor, are materially lessened. 
Should the speed of the motor rise high above the critical 
speed, the inverse current, which increases very rapidly as 
soon as the critical speed is passed, will cause the inverse 
branch current in the coils to exert a very strong de- 
magnetizing influence, so that the demagnetizing effect of 
these branch coils» or, in other words, the regulating pow« 
er of the system, increases 
as the necessity for it in- 
creases. The demagnet- 
izing coils are in series 
with the armature, while 
the magnetizing coils are 

in shunt to it (Fig. 155^). /^^^^^^^^^^^ 1 

Therefore the energy of J _^ f\\/ 

the counter-current set up \\^y 

by the motor, though it r^^^ 

checks the speed of the 

motor, is not subtracted from the energy of the system, 
because this counter-current is in the same direction as 
the current sent through the armature. In other words, 
this governor acts like a sensitive cut-off in a steam-en- 
gine, which cuts off the steam automatically when the 
load is decreased, so that the horse-power expended is 
proportional to that required, instead of putting a heavy 
brake upon the fly-wheel, which might check the speed of 
the engine, but would not decrease the energy expended 
— merely replacing the load by the useless friction of the 
brake. 

Electric Hammer. — This is a device for accom- 
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plishing by means of electricity what is usually accom- 
plished by steam. Fig. 1 56 represents an electric hammer 



of Marcel Deprez, in which a succession of coils, placed 
one above the other and connected each to a circular 
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commutator, are adapted to suck up an iron plunger, P. 
The double handle shown is mechanically connected to 
the two brushes, B B, so that by turning it around the 
brushes make contact with the successive contact-strips of 
the commutator, C. The brushes are so electrically con- 
nected with the circuit that the current enters by one 
and departs by the other, traversing in so doing those 
coils whose contact-strips lie between the two brushes. 
If now the plunger lies at the bottom in the position 
shown, and the double handle is turned around in such 
manner as to make contact with the lower ten coils (or 
such other number as the angle of the brushes is adjusted 
for), the plunger will be sucked up by them ; if the handle 
is now revolved still further, so as to send the current 
through higher coils, the plunger will be sucked up high- 
er ; and thus by turning the handle the plunger can be 
raised to its highest position. If the direction of move- 
ment of the brushes be then reversed, the direction •of 
movement of the plunger will be reversed, so that a pow- 
erful blow may be given at the end of the stroke, the 
weight of the plunger being added to the driving force of 
the currents. 

The angle of the brushes can be altered so as to in- 
clude a greater or less number of coils in the circuit at 
one time, in order to proportion the resistance to the 
strength of the current, and both to the work to be done. 
Using a current of forty-five amperes, says La Nature^ 
and adjusting the brushes to embrace fifteen sections, the 
-effort developed on the plunger was one hundred and 
fifty-two pounds, the plunger weighing fifty-five pounds, 
and the whole solenoid being one metre in height. 

By suitably manipulating the double handle the plun- 
ger may be raised and lowered with any desired rapidity, 
so that a blow may be given of great force or of great 
delicacy, as required. 



CHAPTER XVI. 

ELECTRIC DISTRIBUTION OF POWER. 

In order to distribute power by electrical means irom 
where it can be generated in large quantities to places 
where it is wanted but cannot be readily generated or 
procured, it is necessary to devise means whereby the 
power can be economically converted into an electrical 
current, whereby this current can be economically trans- 
mitted along a conductor with minimum loss both from 
leakage and from heating the conductor, and whereby the 
current, on reaching its destination, can be economically 
reconverted into mechanical energy. 

Electrical Work. — In order to express the relations 
between the amount of work transmitted and the amount 
received, or, in other words, the economy or efficiency of 
an electrical system, it is necessary to understand that 
electrical work, or the work performed by a current, can 
be expressed in the same units that mechanical work is ex- 
pressed in. 

Unit of Electrical Work.— It will be remembered 
that the unit of electrical work is the erg^ and represents 
the work performed by a C. G. S. unit of electricity in 
falling through a C. G. S. unit difference of potential. Ex-^ 
pressing the number of units in a current that have passed 
in a given time by Q, and the difference of potential 
through which they fell by E, the work done in ergs is 
clearly QE. Current is, how^ever, expressed in terms of 
its strength ; that is, the number of units that pass in one 
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second. Denoting this by C, and the difference of poten- 
tial by E, the work done in one second is clearly CE ergs. 

But, as was explained in speaking of practical units, 
the units of strength and quantity employed in practice 
are io~' C. G. S. units, and thq unit of potential 10' C. G. S. 
units. Therefore the work done by Q coulombs falling 
through E volts is 

^XEX io' = QEx 10' ergs; 
and the work done in one second by a current C is 

— X E X lo" = CE X 10' ergs. 

The unit of electrical work practically used is that per- 
formed by one coulomb falling through one volt ; and the 
unit of electrical power is the work done in one second by 
a current of one ampere falling through one volt. To the 
practical unit of work the nameyi?«/f has been given, and 
to the practical unit of power the name watt ; both be- 
ing suggested by Dr. Siemens. The watt has been more 
extensively adopted than the joule, because it is so readily 
applicable to the measurement of horse-power. The joule 
is clearly 10^ ergs and the watt 10' ergs per second. 

Electrical Horse-Power.— One horse-power is, as 
is well known, a power of 33,000 foot-pounds per minute, 
or 550 foot-pounds per second; or, as one foot-pound = 
.1385 kilogrammetres, a power of 76 + kilogrammetres 
per second. As a gramme centimetre = 981 ergs, a kilo- 
grammetre = 981 X 1,000 X 100 = 98,100,000 ergs = 9.81 
X 10' ergs; so that one horse-power = 76 X 9.81 X 10' = 
746 X 10^ ergs per second. Therefore the number of 
horse-power developed by C amperes falling through E 
volts = 

_-, CExio^ CE.^ f r 

746 X 10' 746 / 
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Is, it equals the number of watts divided by 
746. One horse-power, then, = 746 watts. 4c^ i^c^-vJl^ 

By the above formula the horse-power developed in a 
whole circuit can be calculated by taking E as the whole 
difference of potential, or, in other words, the E. M. F. of 
the generator; and the horse-power in any portion of the 
circuit by taking as E the difference in potential of the 
two extremes of that portion. For this latter purpose, 
however, it is usually more convenient to change the form 
of the equation. 

E 

As C = — , the current in any portion of a circuit is 

equal to the difference in potential of the extremities of 
that portion divided by the resistance of that portion. 

CE C'R E* 

Therefore the formula — - may be written — — or 



746 746 R X 746. 

The first formula we recognize as being the same one as 
that deduced before in calculating the heating effects of 
currents ; so that we may consider the work done in any 
circuit as the heat developed in it. The following table, 
published by the author in the New York Electrician, and 
reprinted with the kind permission of the editors, shows 
the relative values of the units employed in practice in 
this country and in England, and those used in France, 
belonging to the "C. G. S." (centimetre, gramme, second) 
system : 

I Gramme = 15.432 grains. 

I Gramme = 981 dynes. 

I Pound = 445,900 dynes (approximate). 

I Dyne = .00000224+ lbs. (approximate). 

I Grain = .0648 grammes. 

I Metre = 39.37 inches. 

I Kilometre = 1093.6 yds. 

I Erg = I dyne-centimetre. 

I Foot-pound = 13,586,850 ergs of work = 13+ megergs. 
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I Foot-pound = . 1385 Idlogrammetres, y^kiLa ^l (rv u 0-^^ 

I Kilo£^ram]iietre = 98.i megergs. 
I •* = 7.220 foot-pounds, 

I Volt = 10" C. G. S. units, 
I I Ohm = lo* ** 

I Ampere = io~* C. G. S. units, 
I Coulomb = 10-* " 
I Farad = lo"* ** " 

i I Calorie = 42 X lo* ergs = i gramme water 1° C. 

I English heat-unit = 772 foot-pounds = i lb. water 1° F,, 

I Horse-power = 550 foot-pounds per second. 

I " " = 33,000 foot-pounds per minute. 

I " " = 1,980,000 foot-pounds per hour. 

I " •* = 76 kilogrammetres per second, English 

measure. 
I Horse-power = 75 kilogrammetres per second, French 

measure. 
I Horse-power = 7,460 megergs per second, English 

measure. 
I Horse-power = 7,357.5 megergs per second, French. 

measure. 
Unit of electrical work = volt-coulomb, or joule. 
I Joule = .737 foot-pounds. 
Unit electrical power = volt-ampere, or watt. 
I \y^att = 10 megergs per second = t-Vt kilogrammetres 

per second = ^rij horse-power. ^* r- J< e^ t J(^ 
Transmission of Power. — In any system for trans- 
mitting power from one point to another the power 
wasted in overcoming the resistance of the conductor, 

E' 

expressed by the formula C'R, or — -, is of the greatest 

R. 

consequence. As electrical power is composed of the 
two factors C and E, we can make C or E as large or 
small as we choose, provided that we keep their product 

E* 

constant. A casual inspection of the formula — might 

R 



2l6 ELECTRICITY IN THEORY AND PRACTICE. 

lead to the hasty conclusion that in order to transmit power 
with small loss in transitu it would be best to make E as 
small and R as large as possible ; that is, to use a dynamo 
generating a low electro-motive force, and a conductor of 
great resistance. But in this formula E, as said above, 
does not mean the E. M. F. of the machine, but only the 
difference of potential between the extremities of the re- 
sistance R. Bearing this in mind, we are led directly to 
a contrary conclusion, for we see that the electro-motive 
force ol the dynamo must be large and the resistance of 
the conductor, small, because then E, the difference of po- 
tential between the ends of the resistance R, will be very 
small ; and, as E enters in the formula by its square and 
R by its first power, it is more important to have E small 
than R. A more satisfactory explanation of the necessity 
for using a high electro-motive force can be found by 
considering the formula C'R, which shows at once that 
the waste energy increases as the square of the current 
and the first power of the resistance. 

In the case of a dynamo transmitting power to an 
electro-motor which develops a counter E. M. F. = E', 
the resultant electro-motive force is E — E' ; and letting R 
represent the sum of all the resistances of the entire 
circuit, the loss of energy in overcoming R will be 

(E-^E7 
"~R 

As long, then, as we keep E — E' and R constant the 
loss of heat will be the same ; and, no matter how large 
we make R, the loss of heat will not be altered if we pro- 
portionally change (E — E')\ Thus we see that we can 
theoretically transmit any power over any distance., if we 
can produce a sufficiently high electro-motive force, in 
both dynamo and motor, to allow of using a small current. 
In transmitting power by electricity on a large scale one 
of the first things to be calculated is the current which 
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the conductor will stand without so heating as to occasion 
undue loss oi power. The following tables of the amount 
of horse-power lost per thousand yards in conductors of 
different sizes, with currents of different strengths, have 
been published by the English Electrical Review from cal- 
culations made by Robert Sabine, C.E. 

Radiation of Heat by Conductors. — The radia- 
tion of heat by a heated conductor is an important con- 
sideration also, for the reason that the heat developed, if 
not allowed to escape, will increase the resistance of the 
conductor, thereby increasing the development of heat, 
which will still further increase the resistance. For this 
reason it would be better, where it is possible, to have 
the conductor naked and extended upon poles than to 
have it surrounded with insulating material and buried in 
the earth. It would also be better to have it composed 'of 
a number of small wires than of one large conductor of 
equal area, on account of their greater radiating sur- 
face. 

Diflferent Systems of Electric Distribution. — In 
the case just considered the problem was simply to trans- 
mit a certain amount of power by a single conductor, but 
it bears upon a somewhat more complicated problem — 
that of distributing power or light, or both, to a great 
number of lamps and motors by means of a great num- 
ber of conductors. This is the condition of affairs to be 
met in attempting to supply light and power to a city. 

All of the systems as yet proposed may be divided into 
seven general classes : the series, the multiple, the multi- 
ple-series, the series-multiple, the accumulator, the motor- 
dynamo, and the induction systems. Each system has its 
advantages and its disadvantages ; and as hardly any one 
can be said to present a wholly satisfactory solution of the 
question, it seems probable that some method combining 
two or more of them may be ultimately adopted. 

Series System. — In the series system the lights and 
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motors are placed one after another upon a circuit, the 
current traversing each in turn (Fig. 157). 



+— ®— €)■ 



#- 



Fig. 157. 



Multiple-Arc System. — In the multiple-arc system 
che lamps and motors are placed in multiple arc, and each 
is connected by two wires with two large mains coming 
from the poles of the dynamo (Fig. 158). In extended 




Fig. 158. 

systems, like that of Mr. Edison in New York, these 
mains are fed by two large feeders, instead of coming 
direct from the machine. 

The Multiple-Series and Series-Multiple Sys- 
tems. — These systems may be said to be combinations of 
the two preceding. In the multiple-series system a num- 
ber of lamps are placed in series in a circuit leading from 
one main to the other (Fig. 159), and in the series- 

+ 



Fig. 159. 



multiple system the main circuit divides into a num- 
ber of branches, each containing a number of devices 
in series (Fig. 160), the branches again reuniting after 
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passing through said devices. Farther on, at the next 
house, for instance, the current 
is again slit into branches as 
shown. 

The Accumulator System. 
— In this system the devices for 
any space—a house, for instance 
— are placed in multiple arc and 
are fed direct from accumulators 
near at hand, the accumulators 
being fed by a charging circuit 
containing many similar groups 
of accumulators, and proceeding 
from a high-tension dynamo. 

MotoivDynamo System. — 
In the motor-dynamo system the 
arrangements are much the same, 
except that motors actuating 
dynamos take the place of accu- 
mulators. The motors are placed 
in series upon a long, charging 
circuit, and caused to revolve 
thereby. Each motor is me- 
chanically connected to a dynamo, 
which, in revolving, generates a 
current and feeds devices placed 
in multiple arc. In some motor- 
dynamo systems the armature of 
the motor has two coils and two 
collectors and two pairs of 
brushes ; one coil, collector, and 
pair of brushes being in the main 
circuit, the other coil, collector, 
and pair of brushes being in the 
lamp circuit, so that the same + 

magnet-coils suffice for both the motor and the dynamo. 
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Ittdaction System. — In the induction system the 
,-nain (alternating current) traverses the primary of an in- 
duction-coil, whose secondary is in the lamp circuit (Fig. 
\6\\ In th^ system of Messrs. Gaulard and Gibbs, which 



cXmi 




Fig. x6i. 

IS an attempt ^i> reduce the induction system to practice, 
the secondary coil is divided into a number of sections 
which can be united either in series or multiple arc, so 
that the secondary ctjrrent is under the control of the 
person using it. In Figs. :62, taken from Engineerings 
I. is a perspective view ot their apparatus, II. a longi- 
tudinal section of one of thf. coils, and III. a diagram 
of an installation of dynamo and secondary generators. 
On each of the four cylinders are wound both the primary 
and the secondary wires. The secondary wires of the 
four columns are connected to the commutator shown at 
the top, so that the current from each column may be 
taken off separately, or so the currents from any two or 
more may be united either in series or in multiple arc. It 
is stated that two of these generators, in series, have been 
fed by an alternating current of thirteen amperes, and 
that one of them produced a secondary current which fed 
twenty-six incandescent lamps, while the other fed from 
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one column five Swan lights, from another a motor, and 
from the other two, in series, a Jablochkoff candle. By 
lowering or. raising the iron cores inside each column the 
strength of the secondary current can be increased or di- 
minished at will. 

Mr. Edison has patented an induction system in which 
an " induction apparatus is located between the main cir- 
cuit and the translating devices, and transforming a con- 
tinuous current of high tension into a continuous current 
of lower tension by the employment of a magnetic core or 
cores having two sets of wire coils, one of high resistance 
connected with the main circuit, and one of lower resist- 
ance connected with the consumption circuit, the connec- 
tions of the main and consumption circuits with their re- 
spective sets of coils being changed or advanced simul- 
taneously, so that the inductive action of the magnetic core 
or cores will cause the current to flow in the consumption 
circuit alwavs in the same direction.** 

The object of this invention is to secure the benefit of 
a small current of high tension in the main circuit, and a 
current of small tension in the lamp circuits. 

Advantages and Disadvantages of Each Sys- 
tem. — If considered from the standpoint of economy 
alone, the series system possesses great advantages over 
the others, from the fact that where devices are placed in 
series the current required to feed all is merely that re- 
quired to feed one. This does not mean that it is as 
cheap to supply all as to supply one, for it is evident that 
the resistance of the circuit increases with the number of 
devices placed in it, so that the generator must do more 
work, because it must generate a higher E. M. F. But 
as the loss in the conductor varies as the square of the 
current, it is clear that a comparatively small conductor 
may be used — a great item when the high cost of copper 
is considered. The disadvantages of a series system are 
that each device is dependent for its supply upon the in- 
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tegrity of the whole system (for a break in any part of the 
circuit stops the whole current), and that a current of the 
enormous E. M. F. that would be needed to overcome the 
great resistance of an extended circuit could hardly be 
restrained by any known insulation, and, in a thickly set- 
tled district, would be dangerous to life and property in 
the highest degree. 

In the multiple-arc system we find a state of affairs ex- 
actly the reverse. In this system, as each device gets its 
current direct from the mains, a very low electro-motive 
force will suffice, being merely that necessary for one de- 
vice, and each device is independent of all the others. 
By reason of these advantages, and on account of the sim- 
plicity of the arrangement and of the ease with which 
any device may be removed or repaired, the multiple-arc 
systems are much more popular than the others. They 
have, however, the very great disadvantage that the cost 
of the plant is very great by reason of the enormous 
feeders and mains which are necessary. As each lamp 
and motor gets its current independently of the others, 
the current carried by the feeders must be equal to 
the sum of all the currents, and the current carried by 
the mains must be the sum of all the currents for the 
lamps fed from them. The heating effect of the current 
being proportional to the square of the current and the 
first power of the resistance, it becomes of the greatest 
importance to keep down the resistance of the mains and 
feeders. As copper is the only suitable material for car- 
rying large currents, and as its cost is very high, the effect 
of increasing the size of copper conductors in order to 
carry large currents is to increase the first cost of the 
plant, and therefore the interest thereon. 

The series-multiple and multiple-series systems endea- 
vor to combine the economy of the series systems with 
the safety and reliability of the multiple-arc systems, but, 
as yet, not very satisfactorily. Evidently, however, they 
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are exceedingly flexible and admit of such numerous modi- 
fications that some system may be derived from them 
which will produce the desired result. The most promis- 
ing seems to be that recently patented by Mr. Edison. 
It is a form of the multiple-series system, in which the 
source of electrical power is divided into as many parts 
as there are devices in each series between the mains, and 
in which compensating conductors run from points be- 
tween each two divisions of the source of power through 
points between each corresponding pair of devices. If, 
for instance, two devices are placed in series between 
the mains, the electro-motive force between the mains 
can be doubled, and therefore the current in them 
halved. 

In the accumulator system^ as a high electro-motive 
force is used in the charging circuit, the current needed 
in the charging conductors may be small, so that com- 
paratively small wires may be used. A circuit of this 
kind may be made quite safe, also, if the accumulators 
.and charging conductors are kept out of the way. 

The devices within a house being supplied in multiple 
arc, the electro-motive force of the current in the house- 
wires will be low and safe ; and as accumulators dis- 
charge more steadily than a dynamo can be turned, the 
lamps supplied will glow with an absolutely unflickering 
light. The great disadvantage of the accumulator sys- 
tem is that, in the present state of the art, they are very 
expensive and very heavy, that they furnish individually 
so small a current that many are needed to supply one 
incandescence lamp, and that they do not return a large 
percentage of the work stored in them. In future, doubt- 
less, these faults may be remedied to a great extent. 

In the motor-dynamo system it is proposed to have each 
motor-dynamo supply a district of such size that its con- 
ducting mains will not be very large, on the one hand, 
and that too great a number of motor-dynamos for a 
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whole circuit will not be required, on the other hand. 
The advantages of this system, like those of the accu- 
mulator system, are obvious. But it remains to be seen 
whether the losses of energy in the circuit will be too 
great to destroy its practicability. Clearly there is 2^ 
twofold loss at each motor-dynamo : the loss from con- 
verting the electrical energy of the current into the 
mechanical energy of the motor, and the loss from con- 
verting the mechanical energy of the motor into the 
electrical energy generated by the dynamo actuated 
thereby. The cost of the motor-dynamos is also, of 
course, to be calculated. 

The induction systems have the advantage of flexibility, 
but it remains to be seen whether the secondary currents 
can be induced without too great loss to allow of such 
a system being economically operated. In the apparatus 
of Gaulard and Gibbs great stress is laid by the pro- 
jectors upon the fact that the tension of the current can 
be regulated to suit the demands of the user. 

That this is an advantage may well be considered 
doubtful, however, when it is remembered that high- 
tension currents are of necessity dangerous, and that 
a system should be such that an ignorant person cannot 
be injured by any of the apparatus. The regulations of 
the Board of Trade in England, limiting the E. M. F. 
to four hundred volts, would seem judicious, and the 
advisability of supplying the devices within houses at 
an unvarying and low tension would seem obvious 
when all the conditions of the question are impartially 
considered. 

Maintenance of Constant E.M.F.— In the mul- 
tiple-arc system^ as the resistance of each device remains 
constant, and it is necessary to maintain through it a uni- 
form current, the problem is to preserve an unvarying 
difference of potential between the conductors, and 
therefore the mains and the feeders, no matter how 
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many lamps are added to or subtracted from the cir- 
cuit. 

Were it not for the resistance of the machine itself, 
this would be an easy matter ; for, supposing the feeders 
to be at the proper difference of potential, the addition of 
more lamps would merely lower the resistance of the 
external circuit and increase the strength of current 
correspondingly. But as every machine possesses a cer- 
tain resistance, the decrease in the external resistance 
decreases the proportion of potential furnished the circuit 
and increases the amount consumed in the machine, so 
that the electro-motive force of the machine must be 
increased until the difference oi potential of the conduc- 
tors is raised to the proper amount. In the Edison 
system this is accomplished by increasing the magneti- 
zation of the field-magnets (shunt) by removing therefrom 
a certain resistance. An attendant watches the burning 
of a lamp and the needle of a galvanometer. If the needle 
shows a decrease of current — 1>., a fall of potential — he 
takes out some of the resistances in the field-magnet coils, 
and when the needle shows an increase he introduces 
additional resistances. The resistances lie in large, square 
boxes, and are connected to projecting metal strips on the 
circumference of a circular commutator. A metal arm^ 
pivoted in the centre, can be moved around the face of 
the commutator, touching the metal strips in turn, and so 
cutting out or in whatever resistances are desired. 

When several machines are coupled in multiple arc the 
commutators corresponding to the different machines can 
be operated simultaneously by means of a long bar mount- 
ed horizontally and gearing into wheels operating the 
arm of each commutator. The bar may be revolved about 
its longitudinal axis by means of a large wheel, and the re- 
sistance of the coils of all the machines controlled thereby* 
Many plans have been patented for accomplishing auto- 
matically this changing of resistance, but in practice it 
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has been found so easy for an attendant to do it that it has 
not been deemed advisable to resort to the necessary 
complication of an automatic apparatus, though they are 
used in some plants, such, for instance, as that on board 
the steamer Pilgrim, 

When lamps and motors are fed in multiple arc the po- 
tentials supplied to all of the lamps are not the same, even 
under the most favorable circumstances, but vary with 
the distance from the generator to the points from which 
the lamps draw their supply. Clearly a lamp near the 
generator will get the benefit of nearly the whole poten- 
tial furnished to the circuit, for the reason that it takes 
one wire from very near the positive pole of the genera- 
tor, and the other from very near its negative pole, while 
the case of the lamp farthest away is manifestly different. 
This lamp takes one wire from a point where the poten- 
tial is less than at the positive pole, and the other from a 
point where the potential is greater than at the negative 
pole. In order that the difference of potential furnished 
lamps and motors may vary as little as possible, it is clear 
that the resistance of the mains should be made as small 
as possible. 

Size of Conductors. — For the reason that if the 
mains and feeders of a system are too small there will be 
great loss of energy in carrying the necessary current, 
and for the reason, on the other hand, that if conductors 
are made unnecessarily large the cost of the plant will be 
unnecessarily increased, it is a matter of great practical 
importance to determine the best size of conductor for 
carrying any current. The rule given by Sir William 
Thomson is that the most economical diameter of conduc- 
tor is secured when the two losses {i.e., the loss from 
heating and the interest upon the price of the conductor) 
are equal. Knowmg the cost of one horse-power of elec- 
trical energy in the locality — which depends upon the 
price of coal and the efficiency of the machinery — and the 
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cost of copper per ton, and remembering the formula 

OR 
HP=r — - , the calculation for that locality can be readily 

746 
made. 

Generative EfBLciency of Machines. — By this 
term is meant the proportion of the electrical energy gene- 
rated by the machine to the mechanical energy applied to 
turn the armature, the most efficient machine being, of 
course, that one rendering the largest percentage in re- 
turn. In order to secure an efficient machine it is not 
only necessary to look to the mechanical details, such as 
the avoidance of useless friction, the balancing of the ar- 
mature, etc., but it is also necessary to prevent the heat- 
ing of the armature-coils to as great an extent as possible, 
and to avoid Foucault currents in the armature-core and 
the pole-pieces of the field-magnets. The following rules 
for constructing efficient machines are given by Prof. Sil- 
vanus P. Thompson in his admirable " Cantor Lectures " : 

The field-magnets should be heavy, long, and made of 
as soft iron as possible* 

The pole-pieces should be heavy and have plenty of 
iron in them. In the magnets and pole-pieces sharp cor- 
ners and edges should be avoided as far as possible. In 
order to avoid Foucault currents in the pole-pieces they 
should be built up of laminae, so placed that their planes 
are perpendicular to the direction of the currents. 

The field-magnet coils should be wound on most thickly 
at the middle of the magnets* The armature-cores should 
be constructed with a view to avoiding Foucault currents, 
and therefore they should be made of thin discs of iron 
separated by sheets of some insulating substance, like asbes- 
tos-paper, the planes of the discs being parallel to the lines 
of force, and therefore perpendicular to the direction of the 
Foucault currents. The resistance of the armature should 
be as small as possible, without sacrificing electro-motive 
force or requiring undue driving speed. In order to 
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generate a current as continuous as p)ossible the armature- 
coils ought to be divided up into a large number of sec- 
tions, each coming in regular succession into the p)osition 
of best action. 

liead of Brushes. — In consequence of the magnetic 
lines of force surrounding the wires of an armature the 
direction of the lines of force running between the mag- 
net-poles is modified. In Fig. 163, which represents a 
pair of conductors 
traversed by a cur- 
rent perpendicular 
to the plane of the 
figure, which rises 
in the right-hand 
conductor and de- 
scends in the left, 
the encircling lines 
of force, running 
as shown, attract 
and repel the other 
lines of force which 
run from the north ^''^' '^^' 

pole, N, to the south pole, S. Supposing the two con- 
ductors to be conductors on an armature, it is clear that 
the positive direction of the lines of force running through 
the armature will not be in the straight line from N to S,. 
but will be in the oblique direction shown. This pheno- 
menon explains the necessity for giving a certain " lead " 
or angular advance to the brushes of dynamos and mo- 
tors; for the brushes should touch the collector at the 
points of highest and lowest potential, and the angular 
change of direction of the lines of force produces an 
equal angular change in the position of these points. As 
the amount of change of direction of the lines of force de- 
pends upon the magnetic swirls around the conductors, it 
is clear that the greater the current in these conductors, as 
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compared with the strength of the poles, the greater will 
be the lead of the brushes necessitated. For the same 
reason it is clear that the greater the speed of a given 
dynamo, after the magnets have approached their point 
of saturation, the greater the lead that must be given to 
the brushes ; while with a motor the reverse is the case. 
In a motor, it will be remembered, the greater the speed of 
rotation the less the current in the armature, because the 
greater the counter E. M.'F. set up; so that the greater 
the speed the less the amount of lead required. The di- 
rection of this lead is, of course, the reverse of that in a 
dynamo turning in the same direction. 
vo . Electrical Efficiency of Machines.— Besides the 

"^^ix generative efficiency of a machine, there is also to be con- 
'vj^ sidered its electrical efficiency, or the proportion borne by 

the electrical energy furnished the external circuit to the 
total electrical energy generated. It being clear that the 
electrical energy consumed in the machine is, for practical 
purposes, wasted, it becomes necessary to reduce this 
amount to a minimum, and therefore to first understand 
upon what conditions it depends. 

The most simple case is that of the magneto-machine. 
Denoting the resistance of the armature by a, and that of 
the external circuit by r, and remembering that, as the 
strength of current is alike in both, the power furnished 
to the armature and the external circuit must vary with 
the potentials due to their resistances, which must, from 
what we have before seen, vary as those resistances, we 
see that 

in which F is the efficiency. 

Thus we see that the smaller the ratio - the greater 

the efficiency of a magneto-machine, so that all useless 
resistances in the armature-coils should be studiously 
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avoided. In the case of a separately-excited dynamo the 
same formula would apply as far as the armature is con- 
cerned, and therefore the same conclusion would be 
reached. The conditions governing the excitation of the 
field-magnets would vary according to the nature of the 
exciting source, whether it were a dynamo, a voltaic bat- 
tery, or a battery of accumulators. In calculating the ef- 
ficiency of the machine, however, the energy in the arma- 
ture-coils and circuit would have to be calculated from 
the formula C (a + r), in which a is the resistance of the 
armature and r the external resistance ; and to this would 
have to be added the total energy expended in the excit- 
ing circuit, calculated by the formula C"*R', in which C is 
the strength of the exciting current and R' the resistance 
of the exciting circuit. Letting F = the efficiency of the 
machine, C the current, and r the external resistance, 



C\a + r) + C"R' 



In the case of a series dynamo, in which the same cur- 
rent traverses the armature, field-magnet coils, and ex- 
ternal circuit, the energy must divide itself in the ratio of 
the resistances, so that 



F = 



a-\' m-\-r 



in which r is the resistance of the external circuit, a that 
of the armature, and m that of the field-magnet coils. 

In this case we see the necessity of reducing, as far as 
consistent with a sufficiently high E. M. F., the resistance 
of both the armature and the field-magnet coils. 

In a shunt dynamo the current in the armature is 
clearly the sum of the currents in the external circuit and 
the magnet-coils, supposing the shunt to be taken directly 
from the brushes. 
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Let C = current in the armature ; then the current in 
the main circuit must, by the law of branch circuits, be 

c *" 



and the whole resistance of the circuit 

R = — i \-a 

m-f-r * 



(c ^ ) 

. v-^ ^ m + r/ 



. p — ^ m-fT/ fffr 



p, / mr \ a(^m + r)* -j~ ^'^ + ^^* 

In this case the best relative resistances of the armature,, 
external circuit, and field-magnets are less obvious, and re- 
quire a separate calculation. 

Taking the reciprocal of the above equation, in order 
to put it in a more convenient form for differentiating^ 
and remembering that the maximum of the reciprocal of 
F is the minimum of F, and vice versuy 

!_____ aim + rf 4" ^'^ + ^^* 

mr 

am^ + 2amr + ar^ + ^^' + ^'^ 



rn^r 



a 2a ar t 

Differentiating, r being considered the variable^ 

— adf adr dr t \ 

<^'= f^^^^fL. (2) 

dr ~ r''^m'^m' ^^^ 
-^= 7r= ;?• (4) 
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Equating the second term of (3) to zero, 

a ^ , I 

r m ^ m 

rX^ 4" ^) "^ ^'^> 

- n^a , a 
vt 



=— m > 



/ 



a 
± m 



a-^m 



The positive value of r makes (4) positive, and there- 
fore corresponds to a minimum value of F', and conse- 
quently to a maximum value of F. 

The case of a dynamo whose magnet-coils are wound 
partly in series and partly in shunt is quite similar. It 
is obvious that the formula for the proportion of energy 
consumed in the external circuit plus that consumed in 
the series coils (supposing the shunt to be taken direct 
from the brushes) may be taken from the above formula 
by simply substituting r' for r, in which r' represents 
the sum of the resistances of the external circuit and the 
series coils : 






m^r* 



a(m -}- r'Y -\- m^r' -\- mr'^ 



Letting r, as before, represent the resistance of the ex- 
ternal circuit, we have 



and 

F = 



F 


• 
• 


F' 


— r : r', 




• 


. F 


F'r 




• 


"" r'' 








m^r 



a{m + ^y + ^'^' + ^^'' 



o 



/ 



^'I'yJj 
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Efficiency and Maximum Power of Motors. — 

^"^'W./-^ It will be remembered that, in speaking of grouping 

cells, it was said that the maximum effect of any given 
number of cells over any circuit is obtained by so ar- 
ranging the cells that their internal resistance is equal 
to the external resistance of the circuit ; and it will be 
also remembered that the researches of the Count du 
Moncel have proved that with a given battery and an 
electro-magnet of given dimensions the maximum effect 
can be got out of the magnet when wire is used such 
that it makes the resistance of the coils equal to that of 
the exterior circuit. 

Jacobi's law of the maximum effect of electro-motors 
indicates a like principle, for it declares that " the me- 
chanical work done by an electro-motor is at a maximum 
when it is geared to run at such a speed that the current 
is reduced to one-half what it was when the motor was at 
rest." 

In running motors, however, there are other condi- 
tions to be considered than that of maximum work alone, 
the principal one being that of economy or efficiency. 
For just as a man would not think it economical to al- 
ways work a horse to the very limit of his strength, so 
a man understanding the principle of an electro-motor 
would not think it economical to always run an electro- 
motor at the utmost limit of its strength. 

In working an electro-motor the aim should be to get 
as much work as possible per horse-power of the engine 
turning the dynamo. 

As the counter-current set up by an electro-motor 
weakens the current from the dynamo, and therefore cuts 
down the expenditure of coal, it would seem that the 
faster the electro-motor revolved the more economical it 
would be, and that the maximum of economy would be 
reached when (supposing the motor and dynamo to be 
equal and similar) the motor was revolving as fast as the 
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dynamo. In this case, however, the expenditure of coal 
would be theoretically zero, and, therefore, at the same 
time the amount of work performed would be ailso zero. 

Thus we see that, to work a motor satisfactorily, a 
middle course must be pursued. In other words, we 
must select some speed of rotation for the motor, such 
that the current shall be less than half of what it is when 
the motor is stationary, and yet large enough to allow of 
considerable work being done. Dr. Siemens gives the 
rule that, in practice, " the best condition of working con- 
sists in giving to the primary machine such proportions 
as to produce a current of the same magnitude, but of 
fifty per cent, greater E. M. F. than the motor." Sup- 
posing the dynamo and the motor to be of the same di- 
mensions, we can say roughly that the motor should re- 
volve at a little less than two-thirds of the speed of the 
dynamo. In case it is not desirable to have the machinery 
operated by the motor revolve so fast, the motor should 
be connected to it by reducing gear. 

In order to arrive at an expression for the efficiency 
of an electro-motor, let the E. M. F. of the dynamo when 
the motor is at rest be E, and that of the motor E'. Let- 
ting the resistance of the circuit be R, the strength of cur- 
rent in the first case, when the motor is at rest, will be 

and in the second case, when the motor is in motion, and 
generates the counter p. M. F., E', 

E E' _ E-E' 
^"R~R"" R • 

Let the whole work done per second in the circuit, both 
by the heating of the circuit and the revolution of the 
motor, be W, and that done by the motor alone W. 
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Then W must be equal to W plus the waste heating of 
the circuit ; or, 



w = w + (E^iir. (I) 



R 

But W = E X — "^ (2), the product of its E. M. F. by 
the current, C. 

.•.Exl:^ = W'+^^^ (3) 

^, _ E(E - E') (E - E')' _ ,. 

Dividing (4) by (2), 

, E(E - E') - (E - E')' 
W _ R _ E-(E-E') _ E' 

W E X (E - E') - E - E" 

R 

In other words, the efficiency of a motor at any given 
speed is represented by the E. M. F. developed by the 
motor at that speed divided by the E. M. F. of the dy- 
namo. 

In order to find the conditions for making W a maxi- 
mum, we get from (4) 

^, _ E* - EE' - E* -f 2EE' - E" _ EE' -> E" 

R ~ R 



Differentiating with reference to E', 

dW' E - 2E' 



dE'~ R 



= 0, 



E = 2E' .-. -I = J^ ; 
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showing that when we get the maximum work out of a 
motor the efficiency is only one-half. As the resistance 

of the circuit is constant and E' = — , the current i^ then 

2 

half of what it is with the motor at rest. 

In all these formulas W, it need not be said, signifies 
the electrical work of the motor per second — i.e., C'E'. 
The amount of mechanical work this produces depends 
upon the electrical efficiency of the motor — i.e.y the ratio 
of the mechanical to the electrical work. With a good 
motor this may be said to be about eighty-five per cent. * 

Arrangement of Accumulators. — In an accumu- 
lator system it will be necessary to compute the number 
and best arrangement of accumulators having each an 
E. M. F., e, for supplying a given number of incandes- 
cence lamps, Uy having each a resistance, r', when hot; 
the potential necessary for each lamp being e'. 

The whole current necessary, then, is 

r' 

Suppose the current which eacli cell can furnish economi- 
cally is c. Then we must have such a number of series of 
cells that the whole current shall be C. Letting^ = this 
number of series, 

c 

Let X = number of cells in each series. 
Let r = resistance of each cell. 
Let R = resistance of conductors. 



* For a more detailed exposition of the laws governing electro-motors and dynamos the 
reader is respectfully referred to the admirable " Cantor Lectures " of Prof. Silvanus Thomp- 
son, and to the reports of the lectures of Sir Wm. Thomson, Profs. Ayrton and Perry, Drs. Sie- 
mens, Hoplcinson, and others, published in the English Electrical Review and Electrician, 
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Then 

Q __ xe xeny 

£^^^^r"" ?^^r + r> + R«y 
y n 

Cnxr + Cr'y + CKny = ;ir^'«>', 

;ir(^«;' — Cnr) =: Cr'^;' + CRw^. 

But C = -"T . . W = T 

.-. jir(<;^ - Cr) = ^> + CR>' 

^,^ (.- + CRly 
^j/ — Cr 



CHAPTER XVII. 

METERS. 

In any general system of electric distribution in which 
consumers are supplied with light and power by a com- 
pany for a compensation, it is clearly essential to have 
some measure by which to calculate the proper amount of 
compensation. 

At first sight it might seem that a voltameter would 

satisfy every requirement, since a voltameter will indicate 

the amount of electricity that has passed in any interval. 

But as the amount of electricity that has passed through 

any part of a circuit is no measure of the amount of work 

performed, unless it is accompanied by an indication of 

the resistance through which it is forced or the potential 

E* 
through which it falls (CR, -.^y CE), an instrument, to 

R 

be satisfactory, must either show directly the number of 
units expended Or else must show it indirectly by indicat- 
ing some function of the work performed. To this latter 
class belongs the meter of Mr. Edison, which is merely a 
form of voltameter, but which, when used in his system, 
gives a measure of the work, for the reason that the elec- 
tricity is supplied to consumers at a nearly constant po- 
tential. 

Edison's Meter. — This meter, represented in Fig. 164, 
consists of two cells, containing each two zincs standing 
in solutions of sulphate of zinc, secured in a cast-iron box 
and resting upon a shelf, below which is placed an 
ordinary Edison lamp. The cells are in a shunt from one 

S41 
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of the conductors leading into the building whose sup- 
ply of current the meter is to measure, but the resistance 
of the conductor between the attachments of one cell is 
three or four times that of the conductor between the 
points of attachment of the wires of the other cell, so that 
the current traversing the first cell is proportionally 
greater than that tra- 
versing the second. 

The object of the 
second cell is to give 
a check upon the in- 
dications of the first. 
At the end of each 
month the employees 
of the company re- 
move the zincs from 
the first cell, replac- 
ing them with fresh 
ones, and take them 
to the central sta- 
tion, where they are 
weighed. As the 
current goes from 
one zinc to the other, 
the anode decreases 
and the cathode 
F's. '6*- correspondingly in- 

creases in weight, so that by measuring the amount of 
increase or decrease, and knowing the amount of deposit 
of zinc per coulomb (.0003412 gramme), an indication is 
at once secured of the amount of electricity that has 
passed through the subscriber's wires, taking into account, 
of course, that but a certain fraction of the whole current 
has been shunted through the meter. 

It is clear that if this cell alone were used it would be 
easy for both consumers and employees to tamper with 
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the ^itics And direr the indications. For this reason the 
second cell is made accessible to the upper inspectors of 
the company alone, and these visit the meter once in three 
months and obtain the indications of the second cell, 
which should, of course, tally with those of the first. 

In order to avoid as far as possible the disturbing ef- 
fects of polarization, zinc and zinc sulphate have taken the 
place of the copper and copper sulphate first used, and 
the zincs are made as pure as possible. They are also 
covered with chemically pure zinc by electro-deposition^ 
and are then amalgamated with mercury. 

The object of the lamp is to raise the temperature in 
case it should become reduced below a certain degree. 
When this occurs a compound expansion-bar, A, placed 
above the lamp, bends down and automatically closes the 
lamp circuit, so that the lamp begins to glow. This ac- 
tion soon raises the temperature and causes the bar to 
again curl up and thus break the circuit. 

It may be again remarked that this is not properly a 
work-meter, but merely a current-meter ; but that it may 
be used as a work-meter with considerable accuracy, if 
the diflference of potential is kept at a constant point, and 
the work be calculated upon the assumption that the po- 
tential is always so kept. 

Edison's Electric Counter-Meter. — This device 
is an elaboration of the one just described, in that mechan- 
ical means are employed to register the amount of zinc de- 
posited, and, therefore, the number of coulombs of current 
that have passed. As will be seen from Fig. 165, this ap- 
paratus also consists of two electrolytic cells containing 
two electrodes. One of the electrodes of each cell is the 
jar itself, the other electrode being a cylinder of the same 
metal hanging from one of the arms of the balance. The 
electrical connections are so made that while, in the cell 
under the depressed arm of the balance, the inner sur- 
face of the jar is the cathode and the inner cylinder the 
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anode, in the other cell, under the elevated arm of the 
balance, the inner surface of the jar is the anode and the 
inner cyhnder the cathode. Thus the cylinder hanging 
from the lower end of the balance is losing weight, and 



that hanging from the upper end is gaining weight. 
When the weight of the cyhnders becomes equalized the 
lower arm begins to rise. This establishes an electric 
circuit through the electro-magnets, E, which throws the 
balance the other way and reverses the current ; so that a 
reverse deposition follows, and continues until the cir- 
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cuit is again established by the lower arm rising, when 
the balance is again reversed. As each reversal is regis- 
tered by an ordinary counter upon the dials, and as each 
reversal follows the deposition of a definite amount of 



metal, it is obvious that the dial registers the quantity of 
current that has passed, 

Ayrton and Perry's Et^Meter This instru- 
ment is designed to indicate directly the amount of elec- 
trical work that has been furnished to any part of a cir- 
cuit, the inventors claiming that it is practically an im- 
possibility to preserve such constancy of potential in all 
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parts of the circuit as to warrant the use of current- 
meters as measurers of work. 

Fig. 166, taken from the London Electrical Review y 
represents a pendulum clock in which a coil of fine wire 
of high resistance, P, takes the place of the pendulum bob. 
Directly behind the coil, and secured to the frame of the 
clock, is a coil of coarse wire, C, traversed by the main 
current, which enters by one of the binding-posts B Q, 
and departs by the other, and then goes through the 
building whose supply the meter is to measure. The 
binding-post B is connected also to another wire which, 
as shown by the dotted line, passes up to the axis of the 
pendulum, then through the coil of fine wire and up 
on the other side of the pendulum, then down to R, 
whence it goes to the other main, if the lamps are sup- 
plied in multiple arc, or to the house main where it leaves 
the house, if they are fed in series. 

The strength of the current in the coarse coils is, of 
course, that of the current supplied to the house, while 
the current in the fine-wire coils depends upon the differ- 
ence of potential between the extremities of the shunt wire, 
and therefore upon the potential supplied to the house. 
The attraction between the two coils depends, as we have 
before seen, upon the product of the currents traversing 
them, and therefore upon the product of the current and 
the potential supplied to the house. But we know that 
current rnultiplied by difference of potential is power. 
Therefore the attraction between the two coils at any in- 
stant is a measure of the power being supplied to the 
house at that instant. 

To add up the power indications and get work indica- 
tions is the office of the clock. Supposing the clock, if 
undisturbed, to keep perfect time, it is clear that the dis- 
turbing influence of the attraction between the two coils 
will vary in amount according to the attraction between 
the two coils — /.^., according to the power. Therefore 



METERS. 247 

the amount of correction which the clock requires at the 
end of a certain period is a measure of the amount of work 
done during that period. 

The Siemens Power Meter. — This instrument 
holds the same relation towards a work-meter that a gal- 
vanometer does towards a voltameter, as it indicates, not 
the amount of work that has been done during a given in- 
terval, but the rate at which work is being done at any 
instant. 

The instrument consists principally of two coils, one 
of coarse wire in the main circuit, the other of fine wire 
in a shunt which is connected to the main circuit at the 
extremities of that part for which the indication of power 
expended is desired. The fine-wire coil is usually fixed, 
and the coarse-wire coil movable, being suspended by a 
torsion-wire. Their joint attraction for each other (or 
joint repulsion in case the current is sent through them 
in opposite directions) gives a measure of the power (CE) 
being expended in that part of the circuit between the 
ends of the shunt wire. The coarse coil being hung by 
a torsion-wire, the milled head at the top can be moved 
around the graduated dial until the torsion balances the 
attraction or repulsion. The reading is given in watts on 
the dial. 

The Ohmmeter. — The ohmmeter, devised by Pro- 
fessors Ayrton and Perry, may be said to be the converse 
of a power meter, because the latter measures E X C, 

E E E 

while the former measures - . (C = ^ • ' • R = ?^*) 

In this instrument (see Fig. 167) two coils are used, as 
in work and power meters, one coil traversed by the main 
current, the other by a shunt current flowing between the 
extremities of a conductor whose resistance is sought. 
Instead of acting upon each other they act on a needle in 
opposite directions, the coils being l»th fixed, with their 
axes at right angles to each other. Therefore when the 
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main current alone is sent through by connecting the con- 
ductor to the outer and larger terminals, B B, the needle, 
on which there is no other directive force, sets itself along 
the axis of the coarse coil. But when the shunt current 
is sent through the fine-wire coil by means of the binding, 
posts C C, the force of this current opposes that of the 
main current with a strength depending upon the diSer- 



Fig. 167. 

ence of potential between the two ends of the shunt, and 
therefore on the resistance of the conductor between the 
two points of attachment of the shunt. The greater the 
resistance, therefore, the greater the deflection of the 
needle. In order to get wide deflections of the pointer it 
is mounted upon a pinion engaging with a rack connected 
to the axis of the needle, the radius of the pinion being 
much smaller than that of the rack. 

The convenience of the ohmmeter will be appreciated 
when the difficulty is considered of measuring the resist- 
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ance of machines and of arc and incandescence lamps when 
in operation, and when the inaccuracy is considered of 
measuring their resistance when not in operation and cold, 
and then endeavoring to calculate the difference in resist- 
ance that would be occasioned by a rise in temperature. 
Another difficulty surmounted is that due to the unavoid- 
able errors that must result from the use of resistance- 
coils when used with large currents, due to their becoming 
heated ; for although German silver does not change in 
resistance as much as some other metals do, yet it does 
so to some extent, so that when powerful currents are 
sent through resistance-coils a considerable element of 
error is thus introduced. To use the ohmmeter it can be 
placed in any convenient part of the main circiiit, and the 
resistance of any part of the circuit can then be obtained 
by attaching the ends of the shunt wires to the extremi- 
ties Oi that part. 



CHAPTER XVIII. 

ELECTRIC RAILWAYS. 

There are two general systems for propelling cars by 
electricity. In one system storage batteries are carried by 
the car and actuate a motor connected mechanically to 
the driving-wheels. In the other the necessary electrical 
energy is transmitted to the motor by the rails of the track 
or by an auxiliary conductor. Each system has its ad- 
vantages and its disadvantages. In the former method 
the principal disadvantages are the great weight of the 
storage batteries, and the fact that they return only a 
fraction of the power stored in them. In the latter system 
the principal disadvantage arises from the fact of the un- 
avoidable loss in transmitting the energy along the rails, 
both by leakage and by heating them. The results al- 
ready secured with electric railways, however, are such 
as to lead to the hope of their ultimate adoption in prac- 
tice. The facts that steam railway locomotives are far 
from economical, and that an electric locomotive makes 
no smoke and little noise, and that it weighs much less 
and therefore requires less power for its propulsion and 
exerts less wear and tear upon the tracks, furnish the 
principal arguments in favor of electric railways ; and to 
these must be added the additional arguments that since 
electro-motors can be made very small, simple, and light, 
one can operate each car, so that any number of cars can 
be run independently. 

The lightness of these cars allows ol their being start- 
ed and stopped with great readiness, and thus reduces 
both the danger of collision and the disastrous eflects of 

260 
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collision should one occur. For the impact of two of 
these ligh*^ cars would clearly be a much more insigniti- 
cant thing- than that of two long trains with their pon- 
derous locomotives carrying fire and steam. For under- 
ground lines and tunnels, in which the smoke of locomo- 



tives is most oppressive, the advantages of the electric 
railway are too obvious to require detailing ; in fact, elec- 
tric railways can be used in some underground work 
where steam could not possibly be made practicable, as in 
the mines at Zankerode. 

Fig. 168, taken from the London Electrical Review, rep- 
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resents the electric engine and railway employed in these 
mines, and constructed by Messrs. Siemens Brothers. 
The current is transmitted from the dynamo along the 
roof of the tunnel through the inverted T-rail shown^ 
upon which slides a contact-carriage connected to the 
motor on the car by the flexible conductor, also shown. 
The return current coming from the dynamo is taken to 
a similar inverted T-iron parallel to the first, which acts 
as the return conductor. The reason for using separate 
conductors for both direct and return current is that 
the track is of necessity so roughly made that its elec- 
trical conductivity is small and its insulation poor. The 
motor, a Siemens machine, is placed lengthwise upon 
the car, and through suitable gearing turns the driving- 
wheels which propel it. The gauge of the line is said to 
be eighteen inches, and the motor to develop sufficient 
power to draw a load of eight tons at the rate of seven 
and a half miles per hour. 

The first electrical railway was built at Berlin in 1879, 
It was about three hundred and fifty yards in length, and 
laid upon wooden sleepers, an auxiliary rail being fixed 
midway between the two main rails. The auxiliary rail 
carried the direct current, which was taken off by a brush 
connected to the motor. The current, after traversing 
the motor, went into the two side rails, which acted as 
return conductors. One car, carrying the motor, acted 
as a locomotive and drew after it three other cars. The 
affair was a practical success, and pointed to a great ex- 
tension of the use of electric railways. 

The next electrical railway was laid from Lichterfelde 
to the military academy at Berlin, and was afterwards ex- 
tended to Potsdam. Steel rails lying upon wooden sleep- 
ers were used, the rails being connected by short curved 
straps of iron in addition to the fish-plates, in order to 
avoid loss of conductivity by bad connections. The 
auxiliary or central rail was discarded, the current being 
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transmitted to the motor by one rail and returned by the 
other. 

In order that this may be accomplished in any rail- 
way without great loss from leakage, it is clear that 

ft 

very low-tension currents must be used ; but it is also 
clear (remembering the formula C'R) that using low- 
tension currents occasions great loss by heating the con- 
ductors. 

To take up the current from the positive rail, the me- 
tallic tires of the wheels, which were insulated from their 
axles, were put in electrical connection with brass rings 
upon the axles, but insulated from them, upon which rings 
pressed friction-brushes connected to the motor. 

Electric Street-Cars. — To run electric cars in the 
streets of cities it is plain that one or two difficulties must 
be surmounted. As the tracks are to be stepped on by 
men and horses, and to be . driven over by carriages and 
carts, they must lie close to the surface of the ground, and, 
therefore, they cannot be insulated well, except at great 
expense. For this reason, and on the score of safety, it is 
necessary to use currents of low tension ; but to do this 
on lines of average length would occasion enormous loss 
of energy in the rails. To overcome these difficulties two 
systems have been tried, one that of Dr. Siemens, the 
other that of Mr. Stephen D. Field, of New York. 

In the system of Dr. Siemens a naked conductor is run 
along on posts near the track, and upon this conductor 
runs a little contact-carriage, connected to the motor by a 
flexible cable, and having good contact with the conduc- 
tor. The most extensive railway operated under this sys- 
tem is the Portrush railway, in Ireland ; and as the char- 
acter of the surface and the surroundings are far from 
favorable in many particulars, the excellent results secured 
would seem to offer indisputable proof of the practica- 
bility of electric railways for considerable distances. A 
very clear description of the details of this railway may 
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be found in the lecture of Dr. Hopkinson, read before the 
Society of Arts, April 1 1, 1883. The track runs from Port- 
rush to Bushmills, a distance of six miles, over a country 
far from level and in a direction far from straight. The 
grades in some places are as great as one in thirty-five, 
and the curves are numerous and abrupt. The track is 
crossed at intervals by paths, and the rails are nearly flush 
with the surface of the ground. 

The auxiliary conductor consists of a T-rail of iron, 
which runs along on short posts which have been soaked 
in pitch to reduce their conductivity ; and, in addition, the 
J-iron is insulated from each post by caps of insulite. 

As the conductor is about seventeen inches above the 
ground, it is necessary, at points where paths cross the 
track, to sink the conductor below the surface, and yet to 
preserve the electrical connection between the motor on 
the car and the dynamo. 

This is accomplished by having two brushes on the 
car, one projecting from the forward end and the other 
projecting from the rear end, both oi which brushes press 
upon the naked conductor. The bFushes consist of steel 
springs carried by stout bars projecting from the car, and 
are so arranged that when the car comes to a gap the 
forward brush makes contact with the conductor beyond 
the gap before the rear brush has broken contact with the 
conductor behind the gap. When a gap is reached which 
is too wide to be thus bridged over the engineer breaks 
the circuit before reaching it, and allows the momentum 
to carry the car beyond the gap to a position where con- 
nection is again made. 

The current, on reaching the car, goes to a commuta- 
tor, which consists of a set of resistance-coils arranged in 
a circle, and so connected with a lever pivoted in the cen- 
tre that by moving this around it makes contact with the 
ends of each resistance-coil in turn, and short-circuits it, 
or introduces it. By this means the resistance of the cir- 
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cuit is increased or decreased, and the strength of current 
regulated. 

After then passing through the motor the current goes 
to the axles, thence to the tires of the wheels, and thence 
by the uninsulated rails back to the machine. In order 
to increase the conductivity of the rails by guarding 
against the imperfect contacts Ynade by the ordinary 
method of joining rails, they are joined by copper wires in 
addition to the fish-plates. 

The motor is not on the same axle with the driving- 
wheel, but is connected to it by intermediate gearing in 
the ratio of seven to one. By this means greater effi- 
ciency is clearly attained ; for, with the relatively low 
speed at which car-wheels turn, the counter-current set 
up by the motor would not be great enough unless it were 
geared as described. 

In Mr. Field's system the raised conductor is discarded, 
as it would be clearly impossible to use it in a city, and a 
sunken conductor is substituted. This conductor lies in 
a large trough running between the rails, and over the 
trough is laid a cover, along which runs a slit too narrow 
to allow a carriage-wheel to get in. On the conductor 
rests a contact-carriage, kept in good electrical connection 
with it by both rollers and brushes. A strong metal plate 
attached to the contact-carriage extends up through the 
slit ; to this plate the car is connected, and by it the cur- 
rent passes to the motor. After leaving the motor the 
current passes to the uninsulated rails and thence back to 
the machine. 

The system of Messrs. Field and Edison was 
shown in successful operation at the Chicago Exposi- 
tion of Railway Appliances, running 118^ hours and 
carrying 26,805 passengers. The motor was mounted 
upon a separate locomotive, of which a general view is 
given in Fig. 169, taken from the Electrical World, The 
track around which this locomotive drew its car, crowded 
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GenffraUi: 



with passengers, 
was of the shape 
and size indicat- 
ed in Fig. 170, 
the unfavorable 
shape being due 
to the fact that 
the track was 
laid around the 
gallery of the 
exposition build- 
ing. 

The generator and the mo- 
tor were both shunt-wound 
Weston dynamos, No. 6, 
having each an E. M. F. 
of seventy-five volts when 
running at a speed of eleven 
hundred revolutions. This 
low-tension necessitated great 
conductivity, and for this 
reason the two rails which 
acted as the return were con- 
nected together in the manner 
shown, and wires were laid 
under each rail, that under 
the outer rail being No. 8 
iron and that under the in- 
ner No. 6 copper, the central 
rail's conductivity being re- 
inforced by No. 8 copper. 
Figs. 171 and 172 show the 
connections from the motor 
to the counter-shaft by means 
of gearing, and thence to 
the loose pulleys on the 
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driving-axles by means of two belts, one for each set of 
pulleys. 

Fig. 173 shows a rear 
end elevation of the loco- 
motive, G G being the j 
loose pulleys on the shaft 
with the dri Ting-wheels, 
WW. F F and F, F, 
are cone friction-pulleys, 
which are so keyed to the 
shaft as to revolve with 
it, but to be capable ot 
being moved along the 
shaft by m:;an5 of the 
lever, B, thus forcing the 
cone-wheels, F F and 
F, F„ in and out of en- 
gagement with the loose 
pulleys, G and G. When 
forced into engagement 
by the movement of the 
lever the motion of the 
pulleys is thus communi- 
cated to the driving- 
wheels and the locomo- 
tive started. The ar- 
rangement for taking off 
the current is shown at 
the bottom of the figure, 
the two brushes. M, of 
phosphor-bronze wires 
being pressed, against 
the middle rail by the 
spring, S. 

A difficulty was at first experienced in starting, owing 
to the fact that, as the generator was shunt-wound, the 
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external resistance was at first so slight as not to allow 
a sufficient cur- 
rent to be shunt- 
ed for energiz- 
ing the field- 
magnets. To 
obviate this difii- 
culty Messrs. 
Rae and Healey 
devised the ar- 
rangement 
clearly shown in 
Fig. 174, by 
which the resist- 
ance in the cir- 
cuit was con- 
trolled bj the 
i movement of 
^ the lever, in 
charge of the 
engineer. B y 
this device the 
engineer was 
able to divert a 
strong enough 
current through 
the field-mag- 
nets to generate 
a good current 
and start the 
motor, when its 
counter E. M. F. 
acted like a re- 
sistance. After 
the motor had 

gotten up a rotation the lever was moved to the point shown 
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by experience to be the most effective, and then, by means 
of the lever, B, shown in Fig, 173, the cone-pulleys were 
forced into the loose pulleys, and the locomotive was started. 
It will be remembered that it was shown, in speaking 
of shunt-wound motors, that if the direction of the ex- 
ternal current were reversed the direction of the motor's 
rotation would remain unchanged. To reverse sucli a 
motor, then, some other device is necessary. In the case 
in question the device shown in Fig. 175 was used, by 
means of which the current in the armature could be 



;^ »' Fig..,«. 

reversed, while that in the field-coils was unchanged. 
The action is clearly shown. The current in the posi- 
tion of the lever shown enters the armature by the brush 
B* and leaves by the brush A,. By moving the handle 
to the position K the current is broken, both pairs of 
brushes being removed from the commutator, H. By 
continuing the motion the brushes A' and B, are pressed 
against the commutator, H, so that the current enters 
the armature at B, and leaves at A'. By means of the 
three levers, then, shown in Figs. 173, 174, and 175, the 
locomotive was kept under complete control. 

An electric bell having a resistance of about three hun- 
dred and fifty ohms was placed in the locomotive, being 
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Fig. 175. 



in multiple arc 
with the motor. 
Having so high 
a resistance rela- 
tively, it of course 
diverted only an 
insignificant cur- 
rent from it. 

Owing to the 
weakness of the 
gallery supporting 
the track it was 
not prudent to run 
the locomotive 
faster than eight 
miles an hour, 
though a speed of 
twenty-two miles 
is said to have been 
sustained for a 
short while. 

The Accumu- 
lator System, in 
which the electric 
energy is derived 
from accumulators 
carried by the car 
itself, was recently 
tried by the Elec- 
trical Power Stor- 
age Co. of En- 
gland. An old 
tram-car was used, 
the accumulators, 
fifty in number, 
being placed upon 
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a frame resting on the axles. A general idea of the 
connections and arrangements may be got from Fig. 176. 
The accumulators rest upon, tracks in such manner that 
they can be taken out and put in with ease from the end 
of the car. 

The motor is not on the driving-axle, but is connected 
to it by a driving-chain which acts as reducing gear, so 
that the motor (a Siemens dynamo) may revolve at a 
higher rate than that of the driving-wheels ; for as a 
speed of eight miles per hour is the maximum allowed, it 
would be far from economical for the motor to revolve at 
so low a speed as this would necessitate in the driving- 
wheels. 

A trouble is experienced in starting an electrical car 
from the fact that before the motor has attained momen- 
tum the current is very strong. Although this condition 
is very favorable in one way from the fact that the en- 
ergy is at a maximum at the time when energy is most 
needed, it is very unfavorable in another way from the 
fact that the excessive current heats the wires an^d en- 
dangers their insulation ; for the motor must be construct- 
ed to work with the current which exists when the car is 
in motion, so that there is a limit to the size of wire which 
can be used. In order to overcome this difficulty numer- 
ous devices have been tried. One is to start the motor 
unloaded, and, when it has acquired momentum, gradually 
tighten the driving-belt, so that motion is gradually given 
to the driving-wheel. Another is to turn on the current 
gradually by taking out one resistance after another, so 
that the full strength of the current is not sent through 
the motor. A third way, somewhat similar to the first, is 
that adopted with the car in question. The driving-belt 
consists of a steel chain on which are secured at intervals 
pieces of hard rubber and leather, which is gripped be- 
tween two pairs of cone discs. These are so connected 
with a lever on the platform which works the brakes also 
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that the cone discs at the counter-shaft are drawn toward 
each other at the same time that the pair on the driving- 
shaft are separated, and vice versa. When it is desired 
to start the current is admitted, causing the electro-mo- 
tor and fly-wheel to take up a rapid revolution. The 
lever is then so operated as to take off the brakes and 
move the cone discs on the driving-shaft nearer and 
nearer together, and those on the counter-shaft farther 
apart. The diameter of the driving-surface thus increases 
and that of the driven surface decreases, so that the load 
upon the motor is gradually increased and the car started 
by degrees. By means of this variable gearing the speed 
of the car can be governed mechanically. In going up an 
incline, where the load becomes of course greater, the 
speed of the driving-shaft is decreased, and therefore that 
of the car ; so that the load upon, and the speed of, the 
motor are not much affected. The fifty accumulators, it 
is stated, have an aggregate E. M. F. of 107 volts. It is 
intended that the dynamo shall work with an electro-mo- 
tive force of 100 volts and a current of 60 amperes, so 
that its electrical horse-power shall be 

iooX6o _ 
746 ""^ + 

Supposing the efficiency of the motor to be 80, it can 
then exert a mechanical horse-power upon the car of 
6.4 -f. 

Calculations for Horse-Power, etc. — In order to 
find the proper dynamo, current, motor, etc., to be used 
on an electric railway, it is necessary to first determine 
the horse-power which the motor must be able to exert in 
order to drive a car of a given weight at a given speed 
over a given grade. This horse-power can be conve- 
niently obtained by first calculating the force necessary to 
be exerted, and then introducing the elements of time and 
distance. 
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On a straight and level road the resistance of a train 
due to friction may be taken as eight pounds per ton. In 
drawing it up a grade the resistance due to the ascent de- 
pends upon the steepness of the grade, and is governed 
by the laws of the inclined plane. In Fig, 177 the work 
of drawing the weight, W, up 
the incline is (disregarding 
friction) exactly equal to that 
of raising it directly through ^ 
the height A/ but the force to 
be exerted at any instant de- 
pends upon the angle of the 
incline and is proportional to 

h 
its sine, -. For if a weight, W, rest upon the incline the 

a 
force of its weight may be resolved into two forces, a and 
d, one perpendicular to the plane, the other parallel to it. 
The latter force is that which tends to make W slide down 
the plane, and is clearly equal to w multiplied by the co- 
sine of the angle cTNc — that is, to the sine of M, or - 

a 

The total resistance presented to drawing a train up an 

incline is clearly equal to the friction plus W—. 

d 

Let F = — , in which F is the friction and n is such a 
n 

quantity that« = 5- Then R = W^ + ^ = (^«±^W. 

F d n dn 

In case F is taken as eight pounds, n =^ — 1- = 280. 

8 

High winds and abrupt curves increase the value of 
F, as does also the resistance of the atmosphere, particu- 
larly at high speeds. (F = 8 + — \ The real value 

of F, and therefore of n, depends, then, it is clear, upon the 
shape and size of the car, the speed, number and abrupt- 
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ness of curves, etc. Tables of the values of F may be 
found in engineering tables. 

Knowing now the force needed^ and desiring to know 
the work needed per hour, it is only necessary to multi- 
ply the force by the speed to be attained per hour in feet. 
To get from this the horse-power divide the result by 
1,980,000, the number of foot-pounds in one horse-power 
per hour. 

Suppose we wished to know what horse-power a motor 
must develop in order to draw a car weighing four tons 
up an incline of two in one hundred at a speed of thirty 
miles per hour, the resistance from friction, wind, curves, 
etc., being 20 pounds per ton. 

^ W 2240 

F = 20 = — n = -— — =112* 
n 20 

_ (hn'\-d.^\ 2 X 112 + 100 
^=\-Sr^)- .ooxTi2 X4X2240 = 

324 X 4 X 2240 



1 1200 



= 259+. 



259>^?8oXiO ^ 

1 ,980,000 ' 



J, / ^^ Knowing the horse-power which the motor must de- 

^ / j ^ velop, and knowing the greatest current that the conduc- 

/ tor can carry without losing more than the prescribed 

r i\ amount, it remains to calculate the electro-motive force 

which the motor must develop. Supposing the electrical 

efficiency of the motor to be eighty per cent., then 

„ CE' 80 
because the counter electro-motive force generated by the 
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■motor multiplied by the current traversing it measures 
the electrical work it performs. Then 

_ Hx;46 100 

In order to find the E. M. F. of the generator E, 

E W CE' + C R , CR 

E' ~ W' - CE' ~ ^ + E' 

E = E' + CR. 
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